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ABSTRACT

This is the ninth in a series of evaluated sets of rate constants and

photochemical cross sections compiled by the NASA Panel for Data Evaluation.

The primary application of the data is in the modeling of stratospheric

processes, with particular emphasis on the ozone layer and its possible

perturbation by anthropogenlc and natural phenomena. Copies of this evaluation

are available from the Jet Propulsion LaboratorY , California Institute of

Technology, Library Section, MS 111-120, 4800 Oak Grove Drive, Pasadena,
California, 91109.
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CHEMICALKINETICSANDPHOTOCHEMICALDATA

FORUSEIN STRATOSPHERICMODELING

INTRODUCTION

The present compilation of kinetic and photochemical data represents

the ninth evaluation prepared by the NASA Panel for Data Evaluation. The

Panel was established in 1977 by the NASA Upper Atmosphere Research Program

Office for the purpose of providing a critical tabulation of the latest

kinetic and photochemical data for use by modelers in computer simulations

of stratospheric chemistry. The previous publications appeared as follows:

Evaluation Number R_ference

NASA RP i010, Chapter 1

(Hudson, 1977)

JPL Publication 79-27

(DeMore e___al, 1979)

NASA RP 1049, Chapter 1

(Hudson and Reed, 1979)

JPL Publication 81-3

(DeMore et al, 1981)

JPL Publication 82-57

(DeMore et a_l, 1982)

JPL Publication 83-62

(DeMore et a l, 1983)

JPL Publication 85-37

(DeMore et a l, 1985)

JPL Publication 87-41

(DeMore et a l, 1987)

The present composition of the Panel and the major responsibilities of
each member are listed below:

W. B. DeMore, Chairman (heterogeneous chemistry)

D. M. Golden (three-body reactions, equilibrium constants)

R. F. Hampson (halogen chemistry)

C. J. Howard (HO x chemistry, 0(ID) reactions, metal chemistry)



M. J. Kurylo (SO x chemistry)

M. J. Molina (photochemical data)

A. R. Ravishankara (hydrocarbon oxidation, photochemical data)

S. P. Sander (NO x chemistry)

As shown above, each Panel member concentrates his effort on a given

area or type of data. Nevertheless, the final recommendations of the Panel

represent a consensus of the entire Panel. Each member reviews the basis

for all recommendations, and is cognizant of the final decision in every

case. Communications regarding particular reactions may be addressed to
the appropriate panel member:

W. B. DeMore

S. P. Sander

Jet Propulsion Laboratory
183-301

4800 Oak Grove Drive

Pasadena, CA 91109

D. M. Golden

PS-031

SRI International

333 Ravenswood Ave.

Menlo Park, CA 94025

R. F. Hampson

M. J. Kurylo

National Institute of Standards and Technology
Chemical Kinetics Division

Galthersburg, MD 20899

C. J. Howard

A. R. Ravlshankara

NOAA-ERL, R/E/AL2

325 Broadway

Boulder, CO 80303

M. J. Mollna

Department of Earth, Atmospheric, and

Planetary Sciences, and

Department of Chemistry

Massachusetts Institute of Technology

Cambridge, MA 02139

The chairman and Panel Members are particularly grateful to Ms. Grace

L. Hallowell for her accurate and meticulous editing and type-setting of
this and previous Evaluations.



Copies of this evaluation maybe obtained by requesting JPL Publication

90-1 from:

Jet Propulsion Laboratory

California Institute of Technology

Library Section, MS 111-120

4800 Oak Grove Drive

Pasadena, California 91109

Telephone: (818) 354-5090

BASIS OF THE RECOMMENDATIONS

The recommended rate data and cross sections are based on laboratory

measurements. In order to provide recommendations that are as up-to-date

as possible, preprints and written private communications are accepted, but

only when it is expected that they will appear as published journal articles.

In no cases are rate constants adjusted to fit observations of stratospheric

concentrations. The Panel considers the question of consistency of data

with expectations based on the theory of reaction kinetics, and when a

discrepancy appears to exist this fact is pointed out in the accompanying

note. The major use of theoretical extrapolation of data is in connection

with three-body reactions, in which the required pressure or temperature

dependence is sometimes unavailable from laboratory measurements, and can

be estimated by use of appropriate theoretical treatment. In the case of

important rate constants for which no experimental data are available, the

panel may provide estimates of rate constant parameters based on analogy to

similar reactions for which data are available.

RECENT CHANGES AND CURRENT NEEDS OF LABORATORY KINETICS

There are thirty-nine changes in the rate constant recommendations in

the present evaluation, but these are for the most part minor. Notable

improvements have been made in the photochemistry related to Antarctic

ozone depletion, as discussed in more detail in later sections. Seventy-

two new reactions have been added, many of which are related to the chemistry

of halocarbons. These latter compounds are being considered as possible

industrial alternatives to the ozone-destroylng chlorofluorocarbons, and

the new reactions deal with their chemical fate in the atmosphere. As in

previous evaluations, some reactions thought to be unimportant in the

atmosphere are nevertheless included for completeness and for possible

applications to laboratory studies. A section dealing with laboratory data

on heterogeneous chemistry has been added, although this field is not yet

fully amenable to evaluation. The table of enthalpy data, which was added

in the last evaluation (JPL Publication 87-41), has been updated and extended.

At the time of publication of the previous evaluation, the then-

recently discovered phenomenon of Antarctic ozone depletion had focussed

intense interest on three areas particularly relevant to polar chemistry:

(i), certain second-order reactions of halogen radicals, such as GIO + CIO

and CIO + BrO; (2), heterogeneous chemistry, especially on polar strato-

spheric clouds; and (3), photochemistry at temperatures below about 220 K.



In the intervening two years, considerable progress has been made in

establishing a database for gas phase (i. e., non-heterogeneous) polar

photochemistry. The rates and product distributions of the CIO + CIO + M

and CIO + BrO reactions have been measured more accurately, and there has

been further elucidation of the chemistry and photochemistry of the CIO

dimer, which is now believed to exist in the atmosphere only in the symmetric

form, CIOOCI. Some important gaps remain, however, such as the identity of

the photolysis products of CIOOCI. There is also the possibility that

there is some missing chemistry in the photochemical model.

As mentioned in the previous evaluation, relatively few kinetics

measurements have been made below about 220 K, and rate constants for this

temperature regime are obtained by extrapolation of data from higher

temperatures, using a simple Arrhenlus expression. The accuracy of such

extrapolations is somewhat questionable, however, because several key reactions

seem to show non-Arrhenius behavior in this regime. Additional experiments

are needed in the 200 K region to provide accurate rate data being used in

the models, especlally for the key reactions.

_x Reactions

The kinetics of the O, 02, and 03 system are relatively well-established.

However, the O + 02 + M reaction remains of fundamental importance in atmo-

spheric chemistry. This is because the extent of ozone destruction is

determined by the relative rates of competing reactions such as O + 03,

O + NO 2, O + OH, and O + CIO. Additional studies of the ozone-formlng
reaction, or of its relative rate compared to the competing reactions, would

be useful, especially at very low temperatures.

O(1D) Reactions

The recommended rate coefficients for the O(ID) reactions correspond

to the rate of removal of O(ID) which includes both chemical reactions and

physical quenching of the excited O atoms. Details on the branching ratios

are given in the notes.

The O(ID) reactions of 17 fluorine containing compounds have been

added to this review. Most of the compounds are hydrogen containing

fluorocarbons and chlorofluorocarbons that are under consideration as

replacements for CFMs. These compounds are reactive toward OH radicals or

are photolyzed so the O(ID) reactions will generally be a minor atmospheric

loss process. On the other hand, SF6, CF 4, and C2F 6 do not react with OH

and are not readily photolyzed so the O(ID) reactions could play an important

role in their atmospheric degradation. The small amount of data available

on these compounds indicates that the rate coefficients are relatively small

and there is no evidence of significant chemical reaction. The data base

for most of the new reactions is sparse and measurements of the rate coeffi-

cients and branching ratios would be useful.

The kinetic energy or hot atom effects of photolytically generated O(ID)

are probably not important in the atmosphere, although the literature is



rich with studies of these processes and with studies of the _dynamics of

many O(ID) reactions. The important atmospheric reactions of O(ID_ include:
(I) deactivation by major gases, N 2 and 02, which limit the O(D) steady

state concentrations; (2) reaction with trace gases_ e.g., H20, CH4, and

N20, which generate radicals; and (3) reaction with long lived trace

gases, e.g., HCN, which have relatively slow atmospheric degradation rates.

Studies of the O(ID) reactions with HCN, CF4, C2F6, and SF 6 would contribute

to defining the atmospheric lifetimes of these minor species.

HO x React_gns

There has been little change in the data base for HO x chemistry since

the last evaluation. The OH + HO 2 rate coefficient has been changed

slightly to conform with recently published data. The rate coefficient for

the OH + H202 reaction at 298 K is not changed although the Arrhenlus

parameters are revised slightly and the data set has been reevaluated to

account for revisions in the H202UVabsorption cross section recommendations.

The HO 2 + 03 reaction rate coefficient remains one of the most significant

uncertainties in the HO x system. High quality data at low temperatures are

needed for this key reaction.

NO x Reactions

The changes to the data base on NO x reactions are relatively minor.

There are new entries for the reactions of OH and HO 2 with NO3, and for the

bimolecular channel of the NO 2 + NO 3 reaction. Concerning the latter reaction,

a new study by Hjorth e__tal (1989) presented the first direct evidence for

the channel giving NO + NO 2 + 02 . Whether or not this channel actually

occurs is still a matter of some controversy, however. There have been some

minor updates and revisions to the reactions N + 02 , N + 03 and NO 2 + 03 .

As noted in the previous evaluation, a few of the important reactions

in the NO x family require additional work. These include the reactions

which produce and remove peroxynitric acid, HO2NO 2. Additional studies

of the HO 2 + NO 2 + M recombination are needed, focusing on the temperature

dependence of the low pressure limit. In addition, the temperature dependence

of the important OH + HO2NO 2 reaction is still poorly characterized.

Additional work on the reactions of NH 2 radicals and subsequent oxidation

steps are necessary, particularly under atmospheric conditions.

Hydrocarbon Oxidation

Our understanding of hydrocarbon oxidation in the atmosphere has

improved considerably in the past decade. All hydrocarbons are released

at the surface of the earth, and their degradation in the troposphere is

initiated by reaction with OH (and with ozone in the case of oleflns).

Depending on their reactivity with OH, only a fraction of the surface flux

of hydrocarbons is transported into the stratosphere, where their oxidation

serves as a source of water vapor. In addition, the reaction of atomic

chlorine with these hydrocarbons (mainly CH4) constitutes one of the major



sink mechanisms for active chlorine.

In the stratosphere, CH 4 oxidation is initiated by reaction with

either OH or CI (and to a limited extent with O(ID)), leading to formation

of CH 3 and subsequently CH302. Some of the subsequent chemistry is not

clear, primarily because the key reaction of CH302 with HO 2 is not well

characterized, even though there have been new studies on this reaction.

All the products of the reaction have not been identified. Some recent

work suggests that, in addition to CH3OOH, CH20 is also formed. Our

understanding of the reaction between OH and CH3OOH has improved signifi-

cantly since the last evaluation. Even though the rate constants for some

of the reactions mentioned above are not well-deflned, the effects of these

uncertainties on stratospheric 03 perturbation are negligible.

One area of hydrocarbon oxidation which has seen a great deal of

improvement is that of product analysis. However, some additional work

may be required to measure branching ratios for reactions such as CH302 +

CH302 and CH302 + HO 2.

Even though CH 4 is the predominant hydrocarbon in the stratosphere, we

have included in this evaluation certain reactions of a few heavlerhydrocarbon

species. The oxidation schemes for higher hydrocarbons have not been fully

elucidated. The rates of the reactions of these hydrocarbons with OH are

sufficiently well-measured to permit their rate of transport to the strato-

sphere to be calculated. In most cases it is expected that the radicals

formed from the initial OH or CI attack will follow courses analogous to that

of CH3, and ultimately lead to CO. However, not all the reactions involved
in the conversion to CO are included. We have also added the reactions of

OH with CH30H and C2HbOH.

Halogen Reactions

The kinetics database for halogen reactions shows significant expansion

and improvement since the previous evaluation. It now contains rate coeffi-

cients for the reaction of OH wlth a large number of potential alternatives

to the fully halogenated CFCs, (nine hydrochlorofluorocarbans (HCFCs) and

eleven hydrofluorocarbons (HFCs)). The chemistry of these species in the

troposphere is controlled by the reaction with OH in which a hydrogen atom

is abstracted. There are now also upper limits for the rate constants for

the reactions of OH with four brominated fully halogenated halocarbons

(Halons). Other new entries include several reactions of C1202, the dimer

formed by recombination of two CIO radicals, several reactions of OCiO, and

reactions of NO 3 with several bromine species. The important recombination

of CIO radicals to produce C1202 has now been directly studied under polar

stratospheric conditions and found to be significantly slower than had been

believed on the basis of previous studies. Also the bimolecular channels

have been shown to be unimportant under the same conditions. The important

BrO + CIO reaction has also now been directly studied under polar strato-

spheric conditions. This reaction is now known to proceed through three

reaction channels, and reliable temperature dependent rate expressions have

been derived for the three channels. Equillbrlum constants for the reactions

CI + CO _ CICO and CIO + OCiO _ C1203 have been added. With these expansions



and improvements the kinetics database for homogeneous reactions of halogen

species appears to be relatively well established.

SOx Reactions

The data base on homogeneous sulfur chemistry has seen only minor

changes in the recommendations for the reactions that were included in the

previous evaluation. However, this section has been expanded significantly

to include many reactions that are important in the atmospheric oxidation

of reduced compounds of natural and anthropogenic origin. These new entries

include the reactions representing the oxidation of the radical products

CH3S and CH3SO. There have not been significant improvements in our under-

standing of the oxidation of SO 2 into sulfuric acid, although there have

been several direct measurements of the HOSO 2 intermediate. Along these same

lines, further Information on the reactions of SO 3 with other atmospheric

species is needed to assess the competition of these reactions with SO 3

hydrolysis. Finally, further details have been provided on the mechanism

for CS 2 atmospheric oxidation. The data base has also been expanded to

include the reactions of NO 3 with both OCS and CS 2.

Metal Chemlqtry

Sodium is deposited in the upper atmosphere by meteors along with

larger amounts of silicon, magnesium, and iron; comparable amounts of

aluminum, nickel, and calcium; and smaller amounts of potassium, chromium,

manganese, and other elements. The interest is greatest in the alkali

metals because they form the least stable oxides and thus free atoms can

be regenerated through photolysis and reactions with 0 and 0 3 . The other
meteoric elements are expected to form more stable oxides.

The total flux of alkali metals through the atmosphere is relatively

small, e.g., one or two orders of magnitude less than CFMs. Therefore

extremely efficient catalytic cycles are required in order for Na to have

a significant effect on stratospheric chemistry. There are no measurements

of metals or metal compounds in the stratosphere which indicate a signifi-
cant role.

It has been proposed that the highly polar metal compounds may

polymerlze to form clusters and that the stratospheric concentrations of free

metal compounds are too small to play a significant role in the chemistry.

Some studies have shown that the polar species NaO and NaOH associate

with abundant gases such as 0 2 and CO 2 with very fast rates in the atmosphere.

It has been proposed that reactions of this type will lead to the production

of clusters with many molecules attached to the sodium compounds. Photolysis

is expected to compete with the association reactions and to limit the

cluster concentrations in daylight. If atmospheric sodium does form large

clusters, it is unlikely that Na species can have a significant role in

stratospheric ozone chemistry. In order to assess the importance of these

processes, data are needed on the association rates and the photolysis

rates involving the cluster species.



photo_hem_ca_ C_os_ Sections

Absorption cross sections of a few important species which have highly

structured absorptions are now shown graphically as well as in tabular form.

These figures are only a guide, and should not be used for quantitative

purposes because the measured cross sections are dependent on the resolution

of the recording instrument. Figures for some haloethanes are included to

show their shape.

The absorption cross sections of the C1202 molecule formed by the

association of two CIO radicals have been included. The quantum yield for

the dissociation of the dimer is expected to be unity. The products of the

photodissociation have not been established; however, it is assumed that

Cl + CIOO are produced with unit efficiency.

The cross sections for many halocarbons which are expected to be re-

placements for the chlorofluoromethanes have been included. The cross

sections for bromocarbons have been updated.

The temperature dependence of the absorption cross sections of species

such as HO2NO 2 and H202 in the 300 nm region may be important. We have

included the measured temperature dependence for H202 in this evaluation.

In the case of haloethanes and halomethanes, there are large discrepancies

among the available sets of data on the magnitude of the temperature effect,

and we have included only room temperature data. Further work in this area

is needed.

The recommendation for the wavelength dependence of the O(ID) quantum

yield in ozone photolysis has been modified to represent more closely the

results obtained from laser photolysis experiments. The latter have better

wavelength resolution than the earlier monochromator measurements, and thus

are believed to reproduce the fall-off behavior more accurately. However,

the results are not in complete agreement, particularly at the longest

wavelengths, where the resolution should not be a problem. Furthermore,

the temperature dependence of the O(ID) quantum yield has not been measured

using the laser sources, and this should be done.

Heterogeneous Chemistry

It is now well-recognized that heterogeneous processes are crucial to

stratospheric chemistry in the polar regions, and may play previously

unsuspected roles in mid-latitudinal regions as well. The particle

chemistry has shown a tendency to enhance the destruction of stratospheric

ozone, primarily by converting inactive "reservoir" species such as HCI

and CIONO 2 to active forms such as C12 and HOCI, which are photolyzed to

produce atomic chlorine and the CIO radical. Compounding the problem, the

particles also appear to sequester nitrogen oxides from the stratosphere,

in the form of HNO 3. Thus the normal mitigating effect of NO x on ozone

destruction by CIO x is diminished. The net result of this chain of events

is massive destruction of ozone at certain times of the year in Antarctic

regions.



The interpretation of laboratory experiments on heterogeneous chemistry

is very complex and the field is still in its infancy. Experimental techniques

are not as well developed as is the case for gas phase chemistry. As a

consequence, we are not able to make recommendations with the confidence,

reliability, and well-defined uncertainty limltsthat have been characteristic

of the homogeneous chemistry. Nonetheless, experiments by several groups

have demonstrated the apparently high efficiency of key reactions which

convert chlorine reservoirs to chemically active forms. Quantitative

application of the laboratory results to the stratospheric situation is

difficult, however, because of uncertainties associated with the nature of

the surfaces in question and other problems relating to particle microphysics

and thermochemistry. These questions are discussed in somewhat more detail

in the section on heterogeneous processes.

RATE CONSTANT DATA

In Table i (Rate Constants for Second Order Reactions) the reactions

are grouped into the classes Ox, O(ID), HOx, NOx, Hydrocarbon Reactions,

CiOx, BrOx, FOx, SOx, and metal reactions. The data in Table 2 (Rate

Constants for Three-BodyReactions), while not grouped by class, are presented

in the same order as the bimolecular reactions. Further, the presentation

of photochemical cross section data follows the same sequence.

Bimolecu_ar Reactions

Some of the reactions in Table i are actually more complex than simple

two-body reactions. To explain the pressure and temperature dependences

occasionally seen in reactions of this type, it is necessary to consider

the bimolecular class of reactions in terms of two subcategories, direct

(concerted) and indirect (non-concerted) reactions.

A direct or concerted bimolecular reaction is one in which the reac-

tants A and B proceed to products C and D without the intermediate formation

of an AB adduct which has appreciable bonding, i.e., no stable A-B molecule

exists, and there is no reaction intermediate other than the transition

state of the reaction, (AB) _.

A + B -' (AB)" _ C + D

The reaction of OH with CH 4 forming H20 + CH 3 is an example of a reaction
of this class.

Very useful correlations between the expected structure of the transi-

tion state [AB] _ and the A-factor of the reaction rate constant can be

made, especially in reactions which are constrained to follow a well-deflned

approach of the two reactants in order to minimize energy requirements in

the making and breaking of bonds. The rate constants for these reactions

are well represented by the Arrhenius expression k - A exp(-E/RT) in the

200-300 K temperature range. These rate constants are not pressure dependent.
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The indirect or non-concerted class of blmolecular reactions is charac-

terized by a more complex reaction path involving a potential well between

reactants and products, leading to a bound adduct (or reaction complex)

formed between the reactants A and B:

A + B _ [AB]* _ C + D

The intermediate [AB]* is different from the transition state [AB] _, in that

it is a bound molecule which can, in principle, be isolated. (Of course,

transition states are involved in all of the above reactions, both forward

and backward, but are not explicitly shown.) An example of this reaction

type is CIO + NO, which normally produces CI + NO 2 as a bimolecular

product, but which undoubtedly involves CIONO (chlorine nitrite) as an

intermediate. This can be viewed as a chemical activation process forming

(CIONO)* which decomposes to the ultimate products, CI + NO 2. Reactions

of the non-concerted type can have a more complex temperature dependence,

can exhibit a pressure dependence if the lifetime of [AB]* is comparable

to the rate of collisional deactivation of [AB]* This arises because the

relative rate at which [AB]* goes to products C + D vs. reactants A + B is

a sensitive function of its excitation energy. Thus, in reactions of this

type, the distinction between the bimolecular and termolecular classification

becomes less meaningful, and it is especially necessary to study such

reactions under the temperature and pressure conditions in which they are

to be used in model calculations, or, alternatively, to develop a reliable

theoretical basis for extrapolation of data.

The rate constant tabulation for second-order reactions (Table I) is

in Arrhenius form: k(T) - A exp ((-_)(_)) and contains the followinggiven
information:

i. Reaction stoichiometry and products (if known). The

pressure dependences are included, where appropriate.

2. Arrhenius A-factor.

3. Temperature dependence and associated uncertainty

("activation temperature" E/R_AE/R).

4. Rate constant at 298 K.

5. Uncertainty factor at 298 K.

6. Note giving basis of recommendation and any other

pertinent information.

Termolecular Reactions

Rate constants for third order reactions

A + B _ [AB]* _ AB are given in the form

(Table 2) of the type

ko(T ) - ko300(T/300) -n cm 6 molecule "2 s -1,

I0



(where k_ O0 has been adjusted for air as the third body), together with a

recommended value of n. Where pressure fall-off corrections are necessary,

an additional entry gives the limiting high pressure rate constant in a
similar form:

k=(T) - k_00(T/300)-m cm 3 molecule -I s "I.

To obtain the effective second-order rate constant for a given condition of

temperature and pressure (altitude), the following formula is used:

k(Z) - k(M,T) - ( k°(T)[M]

1 + (ko(T)[M]/k®(T))

{I + [lOgl0(ko(T)[M]_(T))]2}'l
)0.6

The fixed value 0.6 which appears in this formula fits the data for all

listed reactions adequately, although in principle this quantity may be

different for each reaction, and also temperature dependent.

Thus, a compilation of rate constants of this type requires the stipu-

lation of the four parameters, ko(300), n, k_(300), and m. These can

be found in Table 2. The discussion that follows outlines the general

methods we have used in establishing this table, and the notes to the table

discuss specific data sources.

Low-Pressure Limiting Rate Constant [k_(T)]

Troe (1977) has described a simple method for obtaining low-pressure

limiting rate constants. In essence this method depends on the definition:

k_(T) - _xk_,sc(T)

Here sc signifies "strong" collisions, x denotes the bath gas, and _x is

an efficiency parameter (0 < _ < I), which provides a measure of energy
transfer.

The coefficient _x is related to the average energy transferred in a

collision with gas x, <_E>x, via:

_x <AF'>x

l-_x I/2 FE kT

Notice that <AE> is quite sensitive to 8. FE is the correction factor of the

energy dependence of the density of states (a quantity of the order of I.i for

most species of stratospheric interest).
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For many of the reactions of possible stratospheric interest reviewed

here, there exist data in the low-pressure limit (or very close thereto), and

we have chosen to evaluate and unify this data by calculating k_ sc(T) for

the appropriate bath gas x and computing the value of _x corresponding to the

experimental value [Troe (1977)]. A compilation (Patrick and Golden, 1983)

gives details for many of the reactions considered here.

From the _x values (most of which are for N2, i.e., _N2), we compute

<AE> x according to the above equation. Values of <AE>N2 of approximately

0.3-1 kcal mole -I are generally expected. If multiple data exist, we average

the values of <AE>N2 and recommend a rate constant corresponding to the _N2

computed in the equation above.

Where no data exist we have estimated the low-pressure rate constant by

taking _N2 - 0.3 at T - 300 K, a value based on those cases where data exist.

Temperature Dependence of Low-Pressure Limiting Rate Constants: n

The value of n recommended here comes from measurements or, in some cases,

a calculation of <AE>N2 from the data at 300 K, and a computation of fiN2

(200 K) assuming that <_E>N2 is independent of temperature in this range.

This _N2 (200 K) value is combined with the computed value of ko sc (200 K)

to give the expected value of the actual rate constant at 200 K. This latter

in combination with the value at 300 K yields the value of n.

This procedure can be directly compared with measured values of k o

(200 K) when those exist. Unfortunately, very few values at 200 K are

available. There are often temperature-dependent studies, but some ambiguity

exists when one attempts to extrapolate these down to 200 K. If data are

to be extrapolated beyond the measured temperature range, a choice must be

made as to the functional form of the temperature dependence. There are

two general ways of expressing the temperature dependence of rate constants.

Either the Arrhenius expression ko(T) - Aexp(-E/RT) or the form ko(T) - A'

T -n is employed. Since neither of these extrapolation techniques is soundly

based, and since they often yield values that differ substantially, we have

used the method explained earlier as the basis of our recommendations.

High-Pressure Limit Rate Constants [k_(T)]

High-pressure rate constants can often be obtained experimentally, but

those for the relatively small species of atmospheric importance usually

reach the high-pressure limit at inaccessibly high pressures. This leaves

two sources of these numbers, the first being guesses based upon some model,

and the second being extrapolation of fall-off data up to higher pressures.

Stratospheric conditions generally render reactions of interest much closer

to the low-pressure limit, and thus are fairly insensitive to the high-

pressure value. This means that while the extrapolation is long, and the

value of k_(T) not very accurate, a "reasonable guess" of k_(T) will then

suffice. In some cases we have declined to guess since the low-pressure

limit is effective over the entire range of stratospheric conditions.
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Temperature Dependence of High-Pressure Limit Rate Constants: m

There are very little data upon which to base a recommendation for

values of m. Values in Table 2 are estimated, based on models for the tran-
sition state of bond association reactions and whatever data are available.

Isomer Formation

A partlcular problem with assoclatlon reactions arises when there are

easily accessible isomeric forms of the molecule AB. In this situation, if

the laboratory measurement of the rate constant is accomplished by following

the disappearance of reactants, the value ascertained may be the sum of two

or more processes that should be measured and tabulated independently. A

specific example of such a case is found in Table 2 for the reactions of

Cl-atoms with NO 2. These reactants may come together to form either CINO 2
or CIONO. Whether or not isomer formation, such as discussed above, is

important depends on the relative stability of the possible products. At

the moment the only case that we are sure about is the above example. In

the past however, there was some thought that data on the reaction between

CIO radicals and NO 2 could be understood only in terms of the formation of

both chlorine nitrate (CIONO2) and other isomers (CIOONO, OCIONO). Experi-
ments have shown that this is not the case and that chlorine nitrate is the

sole product. This question is discussed at some length in note 16 of
Table 2.

There are many other possibilities for isomer formation in the reac-

tions listed in Table 2. In some of the notes we have specifically pointed

this out, but even for reactions where no mention is made of isomers, because

we felt that they could not contribute under atmospheric conditions, extrap-

olation to higher pressures and lower temperatures should be done with the

possibilities kept in mind.

Uncertainty Estimates

For second-order rate constants in Table i, an estimate of the uncer-

tainty at any given temperature may be obtained from the following expression:

f(T) - f(298) exp I _R ( i 1 )1T 298

An upper or lower bound (corresponding approximately to one standard devia-

tion) of the rate constant at any temperature T can be obtained by multiplying

or dividing the value of the rate constant at that temperature by the factor

f(T). The quantities f(298) and AE/R are, respectively, the uncertainty in

the rate constant at 298 K and in the Arrhenius temperature coefficient, as

listed in Table i. This approach is based on the fact that rate constants

are almost always known with minimum uncertainty at room temperature. The

overall uncertainty normally increases at other temperatures, because there

are usually fewer data and it is almost always more difficult to make

measurements at other temperatures. It is important to note that the
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uncertainty at a temperature T cannot be calculated from the expression
exp(AE/RT). The above expression for f(T) must be used to obtain the
correct result.

The uncertainty represented by f(T) is normally symmetric; i.e., the
rate constant may be greater than or less than the central value, k(T),
by the factor f(T). In a few cases in Table i asymmetric uncertainties are
given in the temperature coefficient. For these cases, the factors by which
a rate constant are to be multiplied or divided to obtain, respectively,
the upper and lower limits are not equal, except at 298 K where the factor
is simply f(298 K). Explicit equations are given below for the case where
the temperature dependenceis (E/R +a, -b):

For T > 298 K, multiply by the factor

f(298 K)e[a(I/298.I/T)]

and divide by the factor

f(298 K)e[D(I/298-I/T)]

For T < 298 K, multiply by the factor

f(298 K)e[b(I/T'I/298)]

and divide by the factor

f(298 K)e[a(I/T'I/298)]

Examples of symmetric and asymmetric error limits are shown in Figure i.

For three-body reactions (Table 2) a somewhatanalogous procedure is
used. Uncertainties expressed as increments to ko and k_ are given
for these rate constants at room temperature. The additional uncertainty
arising from the temperature extrapolation is expressed as an uncertainty
in the temperature coefficients n and m.

The assigned uncertainties represent the subjective Judgment of the
Panel. They are not determined by a rigorous, statistical analysis of the
data base, which generally is too limited to permit such an analysis.
Rather, the uncertainties are based on a knowledge of the techniques, the
difficulties of the experiments, and the potential for systematic errors.
There is obviously no way to quantify these "unknown" errors. The spread
in results amongdifferent techniques for a given reaction mayprovide some
basis for an uncertainty, but the possibility of the same, or compensating,
systematic errors in all the studies must be recognized. Furthermore, the
probability distribution may not follow the normal, Gaussian form. For
measurementssubject to large systematic errors, the true rate constant may
be much further from the recommendedvalue than would be expected based on

a Gaussian distribution with the stated uncertainty. As an example, the

recommended rate constants for the reactions HO 2 + NO and CI + CIONO 2

have changed by factors of 30-50, occurrences which could not have been

allowed for with any reasonable values of a in a Gaussian distribution.
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Units

The rate constants are given in units of concentration expressed as

molecules per cubic centimeter and time in seconds. Thus, for first-.
second-, and thlrd-order reactions the units of k are s -1, cm 3 molecule "I

s "I, and cm 6 molecule "2 s "l, respectively. Cross sections are expressed as

cm 2 molecule "l , base e.
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Table 1. Rate Constants for Second Order Reactions a

Reaction

M

0 + 02 _ 03

0 + 03 - 02 + 02

A-Factor a E_bE/R) k(_98 l_) f_298) b

O_ Reactions

(Sea Table 2)

8. OxlO- 12 2060+_50 8. OxlO -15 1.15

O(1D) Reactions

& O(1D) + N20 - N2 + 02 4.9x10 -11 0±100 4.9x10 -11 1.3

_ NO + NO 6.7x10 -11 0±100 6.7x10 -11 1.3

O(LD) + H20 _ OH +OH 2.2x10 -10 0_100 2.2x10 -10 1.2

O(1D) + CH4 _ OH + CH3 1.4x10 "10 0_100 1,4x10 -10 1.2

H2 + CH20 1.4x10 -11 0_100 1.4x10 -11 1.2

& o(LD) + H2 - OH + H L.OxlO -lO OflO0 1.0x10 -LO 1.2

O(1D) + N2 _ 0 ÷ N2 1.8x10 -11 -(110_100) 2.6x10 -11 1.2

H

O(1D) + N2 _ N20 (See Ted:)Le 2)

0(19) + 02 _ 0 + 02 3.2x10 -11 -(70±100) k.OxlO -11 1.2

O(1D) + CO2 _ 0 + CO2 7.4x10 -11 -(120_100) 1.1x10 -10 1.2

O(1D) + 03 _ 02 + 02 1.2x10 -10 0i100 1.2x10 "10 1.3

02 + 0 + 0 1.2x10 -10 0i100 1.2x10 -10 1.3

O(1D) + HCL _ products l.SxlO -10 0_100 1.SxlO -10 1.2

O(1D) + HF _ OH + F 1.4x10 -10 OflO0 1.4x10 -10 2.0

O(1D) + HBr _ products 1.SxlO "10 0±100 1.SxlO -lO 2.0

O(1D) + CL 2 _ products 2.8x10 "10 0±100 2.8x10 -10 2.0

Notes

A1

A2, A3

A2, A3

A,?,, A4

A2, A5

.q2, A5

A2, A6

A2

.q2

A2

A2, A7

A2, A7

A8

A9

A10

All

Units are cm3/molacule-aec.e

b
f(298) is the uncertainty factor at 298K. To calculate the oncertaint_ at other temperaturea,

use the expression: f(T) - f(298) expl ' AE ( 1 1 )1" Note that the exponent is
B

absolute value. R T 298

* Indicates a change from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not In the previous evaluation.

& Indicates a change in the _ote.
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Table i. (Continued)

Reaction A-Factor a E/Rf(AE/R) k(298 K) f(298) b

O(ID) + CCI 4 - products 3.3x10 "10 0±I00 3.3x10 -10 1.2

O(ID) + CFCI 3 _ products 2.3xi0 -I0 0±I00 2.3x10 -10 1.2

O(ID) + CF2CI 2 - products 1.4x10 -I0 0±100 1.4xi0 -I0 1.3

* O(ID) + CF 4 - CF 4 + O - <1.8x10 -13

O(1D) + CC120 _ products 3.6x10 -I0 0±100 3.6xi0 -10 2.0

O(ID) + CFCIO _ products 1.9x10 -10 01100 1.9x10 -10 2.0

O(1D) + CF20 _ products 7.4x10 -11 0±100 7.4x10 -11 2.0

O(1D) + _3 _ OH + [ql2 2.5x10 -10 0±100 2.5x10 -10 1.3

# O(1D) + CHFCI 2 _ products 1.9x10 -10 0±100 1.9x10 -I0 1.3

@ O(1D) + CHF2C1 _ products 9.5x10 -11 0±100 9.5x10 -11 1.3

• # O(1D) + CHF 3 _ products 8.4xi0 -12 0±100 8.4x10 -12 5.0

• O(1D) + CH2F 2 _ products 9x10 -11 0±100 9x10 -11 3.0

• O(1D) + CH3F - products 1.4x10 -10 0±100 1.4x10 -10 2.0

• O(1D) + CHC12CF 3 - productm 2.2x10 °10 0±100 2.2x10 -10 2.0

• O(1D) + CHFCLCF 3 _ products lx10 -10 0±100 lx10 -10 3.0

# O(ID) + CHF2CF 3 _ product8 5x10 -II 0±I00 5x10 -II 5.0

• O(ID) + CH2CICF2CI _ products 1.6x10 -I0 0±I00 1.6x10 -I0 2.0

• O(ID) + CH2CICF 3 _ products l.Sx10 -I0 0±I00 l. Sx10 -I0 2.0

# O(ID) + CH2FCF 3 _ products ixl0 -I0 0±i00 Ixl0 -I0 3.0

• O(ID) + CH3CFCZ 2 _ products l.Sx10 -I0 0±I00 1.5xi0 -I0 3.0

• O(1D) + CH3CF2CI _ products 1.4x10 -10 0±100 1.4x10 -10 2.0

Notes

A2, A12

A2, A12

A2, A12

A2, A13

A2, A14

A2, A14

A2, AI4

A2, A15

A16, A12

AI7, AI2

A18, A12

A19, A12

A20, A12

A21, AI2

A22, A12

A23, A12

A24, A12

A25, A12

A26, A12

A27, A12

A28, A12

s Units are cm3/molecule-mec.
b

f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use the expression: f(T) = f(298) exp] AE' ( I _ --_-- )1" Note that the exponent is
R T 298

absolute value.

* Indicates a chanse from the previoua Panel evaluation (JPE 87-41).

• Indicates a new entry that was not in the previous evaluation.

& Indicates a change in the Note.
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Table i. (Continued)

Reaction _-Facto_ a E/R_$E/R) k_298 K} f_298) b

# O(ID) + CH3CF 3 _ products l.OxlO -I0 0±I00 l.OxlO -10 3.0

# O(1D) + CH3CHF 2 _ products lxlO -10 0±100 lxlO "10 5.0

• # O(1D) + C2F 6 _ 0 + C2F 6 - <2xlO "13

f O(1D) + SF 6 _ products - <4.5x10 "14

HO Reactions

Notes

H

H + 02 " BO2 (See T_ble 2)

H + 03 _ OH + 02 1.4x10 -10 470_200 2.9x10 °11 1.25 B1

& H + NO 2 _ products 8,1x10 -II 0f200 8.1x10 °II 1.3 B2

O + OH _ 02 + H 2.2xi0 -II -(120_i00) 3.3xi0 °II 1.2 B3

O + He 2 _ OH + 02 3.0x10 -II -(200_100) 5.9x10 °11 1.2 B4

O + H202 _ OH + He 2 1.4x10 -12 2000±1000 1.7xi0 -15 2.0 B5

* OH + He 2 * H20 + 02 4.8xi0 -11 -(250f200) 1.ixi0 °10 1.3 B6

OH + 03 _ HO2 + 02 1.6x10 "12 940±300 6.8x10 "14 1.3 B7

OH + OH _ H20 + 0 4.2x10 -12 240±240 1.9x10 -12 1.4 B8

M

- H202 (See Table 2)

* ON + H202 - H20 + HO2 2.gxlO -12 160±100 1.7x10 .12 1.2 B9

OH + H2 " H20 + H 5.5x10 -12 2000_400 6.7x10 -15 1.2 BIO

& HO2 + HO2 - H202 + 02 2.3x10 °13 -(600f200) 1.7x10 -12 1.3 Bll

M

H202 + 02 1.TxlO'33[M] -(1000i400) 4.9xlO-32[M} 1.3 Bll

& .02 + 03 - OH + 202 1.1x10 -1' 500±_I_ 2.0x10 -15 1.3 B12

A29, A12

A30, AI2

A31

A32

a Units are cm3/moleculs-sec.

b
f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use the expression: f(T) - f(298) exp[" A_EE( ! . -!-1 )[. Note that the exponent is
R T 298

absolute value,

* Indicates s chanSe from the pzevious Panel evaluation (JPL 87-41).

# Indlcstes a new entry that was not in the previous evaluation.

& Indlcetes a chanse in the Note.
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Table I. (Continued)

Reaction A-Factor a E/R_{_:/R) k_298 K_ f{298_ b Notes

NO x Reactions

* N + 02 _ NO + O 1.5x10 -11 3600±400 8.5xi0 -17 1.25 C1

* N + 03 * NO + 02 - <2.0xi0 -16 C2

N + NO _ N 2 + O 3.4x10 -11 0±i00 3.*x10 -II 1.3 C3

N + NO 2 * N20 + O 3.0x10 -12 3.0 C4

M

O + NO _ NO 2 (Soo Table 2)

O + NO 2 _ NO + 02 6.5xi0 -12 -(120±120) 9.7x10 -12 1.1 C5

M

O + NO 2 _ NO 3 (See Table 2)

O + NO 3 * 02 + NO2 1.0xl0 -11 0±150
1.0xl0 -11 1.5 C6

O + N205 _ products - <3.0x10 -16 - C7

O + HNO 3 _ OH + NO 3 - <3.0x10 -17 C8

O + HO2NO 2 _ products 7.8xi0 -II 3400±750 8.6x10 -16 3.0 C9

03 + NO * NO 2 + 02 2.0x10 -12 1400±200 I.exl0 -14 1.2 CI0

NO + NO 2 _ NO 2 + OH 3.7x10 -12 -(240±80) 8.3x10 -12 1.2 Cll

NO + NO 3 _ 2NO 2 1.7x10 -11 -(150±I00) 2.9x10 -11 1.3 C12

M

OH + NO _ HONO (Sea Table 2)

M

OH + NO 2 _ HNO 3 (See Table 2)

# OH + NO 3 * products - 2.3xi0 -11 2.0 C13

OH + HNO 3 _ H20 + NO 3 (See Note C13 and # below) 1.3 C14

a Units are cm3/molecule-sec.

b f(288) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use the expression: f(T) - £(298) expl A__E ( ! _ 1 )I' Note that the exponent is

R T 298
absolute value.

* Indicates achanee from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates achanee in the Note.

* OH + HNO 3 pressure and temperature dependence fit by

k3[M ] _ k ° - 7.2 x 10 -15 exp(785/T)

k(M,T) _ k ° + -- with k 2 = 4.1 x I0 -16 exp(1440/T)

k3[M] _ k 3 = 1.9 x 10 -33 exp(725/T)

i + k 2
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Table I. (Continued)

Reaction A-_qctor a E/R_Ch_E/R) k(298 K) f(298) b Notes

OH + HO2NO 2 _ products 1.3x10 -12 -(380_) ..6x10 -12 1.5 C15

M

HO2 + NO2 _ HOzNO 2 (See Table 2)

# RO 2 + NO 3 _ products - - 4.1xlO -12 2.0 C16

* 03 + NO 2 _ NO 3 + 02 1.2x10 -13 2450±150 3.2x10 -17 1.15 C17

03 + HNO2 _ 02 + EINO3 - - <5.0x10 -19 - C18

M

NO2 + NO3 _ N205 (See Ta101e 2)

# NO2 + NO3 _ NO + NO2 + 02 (See Note) C19

& N205 + N20 . 2HNO 3 - - <2,0xlO -21 C20

OH + NH3 _ H20 + NH2 3,6x10 -12 930±200 1.6x10 -13 1.4 C21

NN2 + HO2 _ products - - 3.4x10 -11 2.0 C22

NH 2 + NO _ products 3.8xi0 -12 -(4501150) 1.7x10 -II 2.0 C23

NH 2 + NO 2 * products 2.1xlO -12 -(650f_50) l.gxlO -11 3.0 C24

NH 2 + 02 * products - - <3.0x10 -18 C25

* NH2 + 03 * products 4.3x10 -12 930±500 1.9x10 -13 3.0 C26

_lyCFocarbon Reactions

OH + CO _ CO2 + N 1.tx10-13(l+0.6Patm) 0_300 1.tx10-13(l+0.6Pst_) 1.3 D1

& OH + CH 4 _ CH 3 + H20 2.3x10 -12 1700_200 7.7x10 -15 1.2 D2

OH + 13CH4 _ 13CH 3 + H20 (See Note) D3

& OH + C2H 6 _ H20 + C2N 5 l.lxlO -II 1100±200 2.8x10 "13 1.2 D4

OH + C3R 8 _ H20 + C3R 7 1.4x10 -11 750±200 1.1x10 -12 1.3 D5

e
Units ere cm3/molecule-aec.

b
f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use the expression: f(T) - f(298) exp]" _E ( i _ ,._ )I" Note that the exponent is

a

R T 298
absolute value.

* Indicates a chanse from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not In the previous evaluation.

& Indicates a change in the Note.
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Table i. (Continued)

Reaction A-FaCtgT a E/I_(AE/R) k(298 K) f(298) b Notes

OH + C2H 4 _ products (See Table 2)

OH + C2H 2 w products (See Table 2)

& OH + H2CO * H20 + HCZ) 1.0xi0 -11 0_200 1.0x10 -11 1.25 D6

# OE + CH3OE _ products 6.7x10 -12 600±300 8.9x10 -13 1.2 D7

# OH + C2HsOH _ products 6.8x10 -12 225i100 3.2x10 -12 1.3 D8

OH + CR3CHO _ CB3CO + B20 8.0x10 -12 -(250_200) 1.4x10 -11 1.4 D9

• OH + CH3OOE _ products 3.8x10 -12 -(200f200) 7.4x10 -12 1.5 D10

OH + BCN _ products 1.2x10 -13 400±150 3. Ixl0 -14 3.0 DII

(_ + CB3CN _ products 4.5xi0-13 900±400 2.2xi0-14 2.0 DI2

• 03 + C2H 2 _ products 1.0xl0 -14 4100±500 1.0xl0 -20 3.0 D13

• 03 + C2H 4 _ products 1.2x10 -14 2630±100 1.7x10 -18 1.25 DI4

• 03 + C3H 6 _ products 6.5xi0 -15 1900±200 l.lxl0 "17 1.2 DIS

• IK) 2 + CH20 _ adduct 6.7x10 -15 -(600±600) 5.0x10 -14 5.0 D16

O + HCN _ products 1.0xl0 -11 4000±1000 1.5x10 -17 10.0 D17

O + C2H 2 _ products 3.0x10 -11 1600i250 1.4x10 -13 1.3 D18

O + H2CO_ products 3.4x10 -11 1600_50 1.6x10 -13 1.25 D19

O + CH3CHO _ CH3CO + OH 1.8x10 -II 1100±200 4.5xi0 -13 1.25 D20

O + CH 3 _ products 1.1xl0 -I0 0±250 l.lxl0 -10 1.3 D21

& CH 3 + 02 * products - <3.0x10 -15 - D22

H

CH 3 + 02 _ CH302 (See Table 2)

# C2H 5 + 02 _ C2H 4 + He 2 - <2.0x10 -15 - D23

3
a Units are cm /molecule-sec.

b
f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use the expression: f(T) - f(298) .xp[' _ ( ! . --_ )J. Mote that the exponent is

J

absolute value. R T 298

* Indicates a chanse from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates a chanse in the Nots.
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Table i. (Continued)

Reaction A-_actor e £1R:I:_/R) k(298 K) f_298_ b Notes

H

C2H 5 + 02 _ C2H502 (See Table 2)

* CH20H + O 2 _ CH20 + Be 2 (See Note) 9.1xi0 -12 1.3 D24

CE30 + 02 " CH20 + He 2 3.9x10 -14 900±300 1.9x10 -15 1.5 D25

HCO + 02 * CO + He 2 3.5x10 "12 -(140_140) 5.5xi0 -12 1.3 D26

CH 3 + 03 * products 5.4xi0 "12 220±150 2.6xi0 °12 2.0 D27

CH302 + 03 * products - - <3.0x10 -17 - D28

* CH302 + CH302 _ products 2.2x10 -13 -(2201220) 4.6x10 -13 1.5 D29

CH302 + NO _ CH30 + NO 2 4.2x10 -12 -(180±180) 7.6x10 -12 1.2 D30

M

CH302 +NO 2 * CH302NO 2 (See Table 2)

* CH302 + He 2 * products 3.3xi0 "13 -(8001400) 4.8x10 -12 2.0 D31

# C2H502 + C2H502 * products 1.6x10 "13 300f250 5.8x10 -14 2.0 D32

# C2H502 + NO * products 8.9xI0 "12 0±300 8.9xi0 -12 1.3 D33

# C2H502 + He 2 - products 6.5xi0 "13 -(650±300) 5.8x10 -12 2.0 D34

NO 3 +CO* products - <4.0x10 -19 D35

* NO 3 + CH20 _ products - 5.8x10 -15 1.3 D36

NO 3 + CH3CHO * products 1.4x10 "12 1900±300 2.4x10 -15 1.3 D37

CIO Reaction S

& C1 + 03 * CIO + 02 2.9x10 -11 260±100 1.2x10 -11 1.15 E1

CI + H 2 * HCf + H 3.7x10 "11 2300±200 1.6x10 -14 1.25 E2

& CI + CN 4 * NCl + CH 3 1.1x10 "11 1400±150 1.0xl0 -13 I.I E3

a Units are cm3/molecule-sec.

b

f(298) Is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use the expression: f(T) - f(298) exp 'IA_EE ( i 1 )J. Note that the exponent is

&

absolute value. R T 298

* Indicates a chan&e from the previous Panel evaluation (JPL 87_41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates a chanse in the Note.
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Table i. (Continued)

Reaction A-Factor a E/Rf (AE/R } k(298 K) f{298} b Notes

CI + C2H 6 "* HCf + C2H 5 ?.TxlO -II 90±90 5.7xi0 -II I.I E4

& CI + C3H 8 _ HCf + C3H 7 1.4x10 -10 -(40*/50) 1.6x10 -I0 1.5 E5

C1 + C2H 2 _ products (See Table 2)

& CI + CH3ON _ CH2OH + HCf 5.7x10 -11 0*/50 5.?x10 -11 1.5 E6

CI + CH3CI _ CH2CI + HCf 3.3xi0 -11 1250'/00 4.9xi0 -13 1.2 E7

C1 + CH3CN _ products - <2.0x10 -15 - E8

Cl + CH3CCI 3 * CH2CCI 3 + HCf - <4.0x10 -I* E9

CI + H2CO _ HCf + HCO 8.1x10 -11 30±100 7.3x10 -11 1.15 El0

CI + N202 _ BCZ + BO 2 1.1xi0 -11 980+500 4.1xi0 -13 1.5 Ell

C1 + HOCI - CI 2 + ON 3.0x10 -12 130./50 1.9x10 -12 2.0 E12

• C1 + SNO 3 _ products - <2.0x10 -16 E13

CI + HO 2 _ HCf + 02 1.8xi0 -11 -(170±200) 3.2x10 -11 1.5 E14

OH + CIO 4. lxl0 -11 450+200 9. Ixl0 -12 2.0 El4

CI + C120 _ CI 2 + CIO 9.8x10 -11 0±250 9.8xi0 -11 1.2 E15

-11 5.8x10 -11 I. 25 E16
• CI + OCIO _ CIO + CIO 3.4xi0 -(160±200)

-10 1.4xi0 -I0 3.0 El?
CI + CIOO _ C12 + 02 1.4x10 0±250

CIO + CIO 8.0x10 -12 0±250 8.0xl0 "12 3.0 El7

# CI + C1202 * products - 1.0x10 -10 2.0 E18

CI + CIONO 2 _ products 6.8x10 -12 -(160±200) 1.2x10 -11 1.3 E19

M

CI + NO _ NOCI (See Table 2)

M

CI + NO 2 _ CIONO (CINO 2) (See Table 2)

a Units are cm3/molecule-sec.

b f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use the expression: f(T) = f(298) sxp] ArE ( ! . -!-1 )[. Nots that the exponent is
R T 298

absolute value.

* Indicates a chanBe from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates a change in the Note.
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Table i. (Continued)

Reaction , A-F_cto_ a _/_(_/R) k(298 K) f(298) b Notes

* Cl +NO 3 _ CIO + NO 2 2.6x10 -11 01400 2.6x10 -II 2.0 E20

C1 + N20 _ CIO + g2 (See Note) E21

* C1 + CINO _ NO + C12 5.8x10 -11 -(100_200) 8.1x10 -II 1.5 E22

M

Cl + 02 _ ClOO (Sos Table 2)

& ClO + O _ Cl + 02 3.0x10 -11 -(70±70) 3.8x10 -11 1.2 Z23

ClO + NO _ NO2 + Cl 6.4x10 -12 -(280i100) 1.7x10 "11 1.15 E24

M

ClO + NO2 _ CIONO 2 (See Table 2)

ClO + NO3 _ products 4.0x10 -13 0±400 4.0x10 -13 2.0 E25

250
ClO + HO2 _ HOC1 +02 4.8x10 -13 -(700±700) 5.0x10 -12 1.4 £26

CIO + H2CO_ products ~l.0xl0 -12 >2100 <l.0xl0 -15 - E27

ClO +OH _ products l.lxl0 -II -(120±150) 1.7x10 -11 1.5 E28

C_O + CH 4 _ products ~l.0xl0 -12 >3700 <4.0x10 -18 - E29

C_O + H2 _ products ~1.0x10 -12 >4800 <l.0xl0 "19 - E29

CIO +CO_ products ~l.0xl0 -12 >3700 <4.0xi0 "18 E29

C10 + N20 _ products ~1.0x10 -12 >4300 <8.0x10 "19 E29

C10 + C10 * products 8.0x10 -13 1250±500 1.2x10 -14 2.0 E30

M

C1202 (Sos Table 2)

C10 + 03 _ ClOO + 02 1.0xl0 -12 >4000 <l.0xl0 -18 E31

_OCIO + 02 1.0x10 -12 >4000 <l.0xl0 -18 E31

# ClO + CH302 _ products (See Note) E32

OH + Cl 2 _ HOCI + C1 1.4x10 -12 900_400 6.7x10 -14 1.2 E33

a Units are cm3/molecule-aac.
b

f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use the expression: f(T) = f(288) sxpl dE ( ! - --_ )I" Note that the exponent

3

is

R T 298
absolute value.

* Indicates a chanse from the previous Panel evaluat£on (JPL 87-41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates a chanse in the Note,
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Table I. (Continued)

Reaction A-Factor s

OH + HCf _ H20 + C1

OH + HOCI * H20 + CIO

• OH + CH3CI * CH2CI + H20

. OH + OH2cl2 _ OHcl2 + .2o

• OH + CBCI 3 " CCI 3 + B20

• OE + CBFCI 2 _ CFCI 2 + H20

• OH + CHF2C1 "" CF2CI + H20

• OH + CH2C1F " OHCLF + H20

OH + OH3CCI3 -* OH2CC13 + e2o

• OH + CBCI2CF 3 -* CCI2C"F 3 + H20

• OH + CHFCICF 3 _ CFCICF 3 + H20

2.6x10-12

3.0xl0-12

2. lx10-12

5.8x10-12

4.3x10 -12

1.2x10 -12

1.2x10-12

3.0xl0-12

5.0xl0 -12

6.4x10 -13

6.6x10-13

• OH+ OH£1cF2cl- c.clcF2cl+ .20

# OH + OH2CICF3 _ CBCICF 3 + H20

• OH + CB3CFCI 2 _ OH2CFCI2 + EI20

• OH + CH3CF2CI _ OH2CF2CZ + H20

OH + C2CI 4 * products

OH + C2HC13 _ products

# OH + CCI 4 * products

OH + CFCI 3 * products

OH + CF2CZ 2 * products

OH + CIONO 2 * products

3.6x10-12

5.2x10 -13

4.2x10 -13

9.6x10-13

9.4x10 -12

4.9][10 -13

_1.0x10 -12

~1.0x10 -12

~1.0x10 -12

1.2x10 -12

E/RI(_/R} k(298 K) f(298) b Notes

350±100 8.0x10 -13 1.3 E34

500±500 5.0x10 -13 3.0 E35

1150_00 4.4x10 -14 1.2 E36

1100_250 1.4x10 -13 1.2 E37

1100i200 1.1x10 -13 1.2 E38

1100±150 3.0x10 -14 1.1 E39

1650±150 4.7x10 -15 1.1 E40

1250±200 4.5x10 -14 1.15 E41

1800:1:200 1.2xlO -14 1.3 E42

850+_50 3.7x10 -14 1.2 E43

1250±300 1.0xl0 -14 1.2 E44

1600±400 1.7xlO -14 2.0 E45

1100±300 1.3xi0 -14 1.3 E46

1200±300 7.5x10 -15 1.3 E47

1650±250 3.8x10 -15 1.2 E48

1200±200 1.7x10 -13 1.25 E49

-(450±200) 2.2xi0 -12 1.25 ES0

>2300 <5.0x10 -16 - E51

>3700 <5.0x10 -18 - E52

>3600 <6.0x10 -18 - E52

330±200 3.9xi0 -13 1.5 E53

Units are cm3/molacule-ssc.a

b
f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use th.._resslo.: _(T) - _(298).._j"ae ( ! _ ---i)I" ,ore that th. ,_ponant
i

is

R T 298
absolute value.

* Indicates a chanse from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates a chanse in the Note.
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Table i. (Continued)

Reaction _-_acto_ a E/I_(_E/R) k(298 K_ f(298) b N_tas

0 + HC_ _ OH + CI l.OxlO -II 3300_350 1,5xlO -16 2.0 E54

0 + HOC1 - OH + CIO 1.0x10 "11 2200±1000 6.0x10 -15 10.0 E55

0 + ClOl_O 2 _ products 2.gxlO °12 800_200 2.0x10 -13 1.5 E56

0 + C120 _ CIO + CIO 2.9x10 -11 630:1r.200 3.5x10 -12 1.4 E57

OClO + O - C10 + 02 2.8x10 "11 1200±300 5.0x10 -13 2.0 E58

• CC10 + 03 _ products 2.1x10 "12 4700i1000 3.0x10 -19 2.5 E59

# OC10 + OH " BOC1 +02 4.5x10 "13 -(800±200) 6.8x10 -12 2.0 E60

CC10 + NO _ NO2 + C10 2.5x10 -12 800i300 3.4x10 -13 2.0 E61

# C1202 + 03 _ products - <1.0x10 -19 - E62

# C1202 + NO _ products <2.0x10 -14 - E63

# HCl + NO 3 _ HNO 3 + CI - <5.0x10 -17 - E64

He1 + CI(MO 2 _ products - <1.0x10 -20 - E65

* HC1 + HO2NO2 _ products - <1.0x10 -21 - E66

H20 + CLONO2 _ products - - <2.0x10 -21 E67

CF2CIO 2 + NO _ CF2CLO + NO2 3"ixi0-12 -(500±200) 1.6x10 -11 1.3 E68

CFCI202 + NO _ CFCI20 + NO2 3"5x10-12 -(430±200) 1.5x10 -11 1.3 E68

CC1302 + NO _ CC130 + NO2 5.7x10 -12 -(330±200) 1.7x10 -11 1.3 E68

BrO Reac_op_

& Br + 03 _ BrO + 02 1.?xlO -11 800±200 1.2x10 -12 1.2 P1

Br + H202 - liB= + IK) 2 1.0x10 -11 >3000 <5.0x10 -16 F2

a Units are cm3/molacula-sec.
b

£(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

expression: f(T) - f(298) expl" _E ( _ - _._ )l" Note that the exponent isuse the

absolute value. R T 298

* Indlcatas a chansa from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not In the previous evaluation.

& Indicates a change in the Note.
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Table I. (Continued)

Reaction A-Factor a E_(_E/R_ k_298 K) f(298) b Notes

Br + H2CO _ Wnr + HCO 1.7x10 -II 800±200 l.lxl0 -12 1.3 F3

-11 2.0x10 -12 2.0 F4
& Br + HO 2 * RRE + 02 1.5x10 600±600

• BE + CI20 * BrCI + CIO 2.0x10 -11 500±300 3.8x10 -12 2.0 F5

# Br + OCIO _ BrO + CIO 2.6x10 -11 1300±300 3.4x10 -13 2.0 F6

# Br + C1202 * products - 3.0x10 -12 2.0 F?

BrO + O _ Br + O 2 3.0x10 -11 0f250 3.0x10 -11 3.0 F8

• BEO + CIO _ Br + OC_O 1.6x10 -12 -(4301200) 6.8xi0 -12 1.25 F9

• Br + CIOO 2.9x10 -12 - (220±200) 6. ix10 -12 1.25 F9

BrCI + 02 5.8x10 -13 -(170±200) 1.0xl0 -12 1.25 Fg

BrO + NO _ NO 2 + Br 8.8x10 -12 -(260±130) 2.1x10 -11 1.15 F10

H

BEO + NO 2 _ BrONO 2 (Sea Table 2)

BrO + BrO _ 2 Br + O 2 1.4x10 -12 -(150±150) 2.3x10 -12 1.25 FII

Br 2 + 02 6.0x10 -14 -(600±600) 4.4x10 -13 1.25 Fll

BrO + 03 _ Br + 202 ~1.0x10 -12 >1600 <5.0x10 -15 F12

BrO + HO 2 _ products - 5.0x10 -12 3.0 FI3

BrO + OH _ products - 1.0xl0 -11 5.0 F14

OH + Br 2 _ HOBr + Br 4.2xi0 -11 0±600 4.2xi0 -11 1.3 FI5

OH + HBr _ H20 + BE 1.1x10 -II 0±250 1.1x10 -11 1.2 F16

• OH + CH3Br _ CH2Br + H20 6.8xi0 -13 850±200 3.8xi0 -14 1.25 FI7

# OH + CF2Br 2 _ products - <5.0x10 "16 - FI8

# OH + CF2CIBr _ products <l.5x10 -15 FI8

a Units are cm3/molecule-sec,

b
f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use the expression: f(T) - f(2g8) sxp I _E ( ! - _!_I )I" Note that the exponent is

R T 298
absolute value.

* Indicates a change from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates a change in the Note.
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Table I. (Continued)

Reaction

# oB + CF3Br _ products

# OH + CF2BrC1F2Br _ products

* O + HBr _ OH + Br

# NO 3 + Br * BrO + NO 2

# NO 3 + BrO * products

# NO 3 + HBr _ H_O 3 + Br

_-F4ctor a

5.8x10 -12

E/RfCAE/R)

1500+_00

k(Zee x_

<1.2xlo -16

<l.5xlO -16

3.8xi0 -14

1.8x10 -11

1.0xl0 -12

<l.0xl0 -16

FO Reactions
A

F + 03 _ FO + 02 2.8x10 -11 230f200 1.3x10 -11 2.0

* F + H2 * BF + H 1.4x10 -10 500i200 2.6x10 -11 1.2

F + CH4 " HF + CH3 3.0x10 -10. 400±300 8.0x10 -11 1.5

* Y + H20 " HF + OH 1.4x10 -11 0J_200 1.4x10 -11 1.3

M

r + 02 _ FO2 (sss T-h1, 2)

M

F + NO _ _ (See Table 2)

H

F + NO 2 _ FNO2(FONO) (See Table 2)

# F + [_O 3 _ _ + NO 3 6.0x10 -12 -(4001200) 2.3x10 -11 1.3

NO + FO" NO 2 + F 2.6xi0 "11 0#.250 2.6x10 -11 2.0

FO + FO _ 2 F + 02 1.5xl0 -11 0_250 1.5xl0 -II 3.0

FO + 03 _ F + 2 02 (See Note)

FO2 + 02 (See Nots)

M

FO + NO2 _ PONO2 (Sos Table 2)

f(298} b

1.3

2.0

3.0

Notes

F18

F18

F19

F20

F20

F20

G1

G2

G3

G*

G5

G6

G7

G8

Gg

S Units are cm3/molscule-ssc.
b

f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures.

use the expression: f(T) - f(2g8) expi AE ( _ _ _ )[. Note that the exponent is
R T 298

absolute value.

* Indicates a chanse from the previous Panel evaluatlon (JPL BT-hl).

# Indicates a new entry that was not in the previous evaluation.

& Indicates s change in the Note.
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Table i. (Continued)

Reaction A-Factor s _._{4E/R} k{_98 K)

O + FO _ F + 02 5.0x10 -II 0±250 5.0xi0 -II

O + FO2 _ FO + 02 5.0x10 -11 0±250 5.0xi0 -11

#OH + CHF 3 _ CF 3 + H20 1.5x10 -12 2650±500 2,1xi0 -16

# OH + CH2F 2 _ CHF2 + H20 2.5x10 -12 1650±200 1.0x10 -14

#OH + CH3F _ CH2F + H20 5.4x10 -12 1700i300 1.8xl0 -14

#OH+ CHF2CF 3 _CF2CF 3 + H20 8.9x10 -13 1750i500 2.5x10 -15

#OH + CI_2CHF 2 - CF2CEF 2 + H20 8.7x10 -13 1500±500 5.7x10 -15

* OH + CH2FCF 3 _ CHFCF 3 + H20 1.7x10 -12 1750±300 4.8x10 -15

#OH + CH2FCHF 2 _ products 2.8x10 -12 1500±$00 1.8xl0 -14

# OH + CH3CF 3 - OH2CF3 + H20 6.0x10 -13 1750±500 1.7x10 -15

#OH+CH2FCH2F_CHFCH2F + H20 1.7x10 -11 1500±500 1.1x10 -13

* OH + CH3CHF 2 _ products 1.5x10 -12 1100+200 3.7x10 -14

# OH + CH3CH2F _ products 1.3x10 -11 1200±300 2.3x10 -13

CF302 + NO _ CF30 + NO2 3.9x10 -12 -(400+200) 1.5x10 -11

* OH + H2S _ SH + H20 6.0x10 -12

OH + OCS _ products 1.1xl0 "13

&OH + CS2 _ products (See Note)

M

OH + SO2 _ HOSO2 (See Table 2)

O + H2S _ OH + SH 9.2x10 -12

SO Reactions
A

75±75 4.7x10 -12

1200±500 1.9x10 "15

f{298} b Notes

3.0 G9

5.0 G10

1,5 Gll

1.2 G12

1,2 G13

2.0 G14

2.0 G15

1.2 G16

2.0 G17

2.0 G18

2.0 G19

1.1 G20

2.0 G21

1.3 G22

1.2 H1

2.0 H2

- H3

1800±550 2.2xi0 -14 1.7 H4

e Units are cm3/molecule-sec.
h

f(298) is the uncertainty factor at 298K. To calculate the uncertainty st other temperatures,

use the expression: f(T) " f(298) exp I AE ( : _ ____ )j. Note that the exponent is
R T 298

absolute value.

* Indicates a change from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates a change in the Note.
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Table I. (Continued)

Reaction A-FactoT a _/1_ (_/R) k(_98 K) f(298) b Notes

0 + OCS _ CO + SO 2.1xlO -11 2200±150 1.3xlO -14 1.2 H5

O + CS 2 -' CS + SO 3.2x10 -ll 650+150 3.6x10 -12 1.2 H6

S + 02 _ SO + O 2.3x10 -12 0±200 2.3x10 -12 1.2 H7

S + 03 _ SO + 02 - - 1.2x10 -11 2.0 H8

S + OR + SO + E - - 6.6x10 -11 3.0 H9

SO + 02 _ SO2 + O 2.6x10 -13 2400+500 8.4x10 "17 2.0 H10

SO + 03 _ SO2 + 02 3.6x10 -12 1100+200 9.0x10 -14 1.2 Ell

SO + CB + SO2 + E - - 8.6x10 -11 2.0 El2

SO + SO2 + SO2 + SO 1.4x10 "11 0+50 1.4x10 -11 1.2 El3

SO + CIO "+ SO2 + C1 2.8x10 -11 0+50 2.8x10 -11 1.3 B14

SO + 0010 "_ SO2 + CID - - 1.gx10 -12 3.0 H15

SO + BrO " SO2 + Br - - 5.?](10 -11 1.4 H16

502 + BO2 _ products - - <l.OxlO -18 I;17

SO2 + CH302 ''+ products - - <5.0x10 -17 H18

SO2 + NO2 _ products - - <2.0xlO -26 El9

503 + R02 _ products - - 1.OxlO -19 10.0 H19

& S02 + 1103 _ products - - <7.0xl0 -21 H20

502 + 03 _ SO3 + 02 3.0x10 -12 >7000 <2.0x10 -22 H21

# SO3 + H20 "' E2SOh - - <6.0x10 -15 522

C1 + B2S " ECI + SH 5.7x10 -11 0+50 5.7x10 -11 1.3 H23

C1 + OCS _ SOl + CO - - <1.0x10 -16 - 524

Units are cm3/molocule-sec.e

b
f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use the expression: f(T) - f(298) expl AE+ ( _ - _ )l' Note that the exponent is
R T 298

absolute value.

* Indicates a chanse from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates a chan&e in the Note.
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Table I. (Continued)

Resct$on A-Factg_ a _/_(_E/R)

C10 + OCS - products

ClO + SO2 " C1 + SO 3

SH + H202 _ products

SH+O-H+SO

SH + 02 _ OH + SO

* SH + 03 _ HSO + 02 9.0xlO -12 280+_200

& SH + NO2 - HSO + NO 2.9x10 -11 -(240+100)

M
SH + NO -* HSNO (See Tsble 2)

BSO + RO _ products

HSO + NO2 _ HSO2 + NO

HSO + 02 * products

HSO + 03 _ products

BSO 2 + 02 _ 802 + SO 2

& _K)SO2 + 02 * BO2 + SO 3 1.3x10 -12 330+200

* H2S + NO 3 _ products

CS + 02 _ OCS + 0

CS + 03 _ OCS + 02

CS + NO 2 - OCS + NO

# Off + C_3SH * products 9.9x10 -12 -(360±100)

# OH + CH3SCH 3 _ H20 + CH2SC_ 3 i. Ixl0 -11 240+100

-11
# OH + CH3SSCH 3 _ products 5.7x10 -(360±300)

k(298 K) £(296) b NOteS

<2.0xl0-16 H25

<4.0x10 -18 - B25

<5,0x16 -15 - H26

I.6x10-10 5.0 H27

<4.0xl0-19 _ H28

3.5x10" 12 1.3 B29

6.5x10 -11 1.3 H30

<1.0x10 -15 H31

9.8x10 -12 2.0 H31

<2.0x10 -17 H31

1.0x16 -13 5.0 H32

3.0x10 -13 3.0 H33

4.4x10 -13 1.2 H34

<6.0x10 -16 - H35

2.9x10 -19 2.0 H36

3.0x10 -16 3.0 H37

7.6x10 -17 3.0 H37

3.3x10 -11 1.2 H38

4.9x10 -12 1.2 H39.

2.0x10 -10 1.3 H40

a Units are cm3/molecule-sec.

b
f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures:

use the expression: f(T) - f(298) axpl dE ( ! _ _!_1 )I" Note that the exponent is
R T 298

absolute value.

* Indicates a change from the previous Panel evaluation (JPL 87-41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates a chanse in the Note.
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Table i. (Continued)

Reaction

# NO3 + CH3SH * products

# NO3 +CH3SCH 3 _ products

lqO3 + CH3SSCH 3 - products

#NO 3 + CS 2 _ products

# NO3 + OCS _ products

# CH3S + 02 - products

_3 S + 03 - products

# CH3S + NO2 _ products

# CH3SO + 03 _ products

# CH3SO + Ha2 _ CH3SO 2 + NO

A-Factoz a Etr_(/IE_R)

4.4xi0 -13 -(210+210)

1.9xi0 "13 -(S00#.200)

1.3x10 "12 270:1:270

N_ta2 Reactions

kizgs K) _(298} b _otes

8.9x10 -13 1.25 H41

1.0x10 -12 1.2 H42

5.3xi0 "13 1.4 H43

<4.0x10 -16 - H44

<3.0x10 -ls - H45

<3.0x10 "18 - H46

4.1x10 -12 2.0 H47

5.6x10 "11 1.3 H48

1.0x10 "12 3.0 H49

1.2x10 -11 1.4 H50

M

Na + 02 _ NaO2 (See Table 2)

* Na + 03 _ NaO + 02 7.6x10 "10 0±400 7.6x10 "10 1.2 J1

NaO2 + O <4x10 -11 0±400 <4.0x10 "11 J1

& Na + N20 _ NaO + N2 2.4xi0 "10 1600±400 l.lxl0 -12 1.3 J2

Na + CZ 2 _ NaCl + C1 7.3x10 "10 0±200 7.3x10 "10 1.3 J3

NaO + O _ Na + 02 3.7x10 "10 0±400 3.7x10 °10 3.0 J4

M

NaO + 02 _ NaO 3 (See Table 2)

NaO + 03 _ NaO2 + 02 1.6x10 "10 0±400 1.6x10 -10 2.0 J5

Na + 202 6x10 -11 0±800 6.0x10 -11 3.0 J5

a Units are cm3/molecule-sec.

b
f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

use th. expression: f(T) - f(298) sxpl" 6EE ( ! - --;.- )]. Note that the exponent is

absolute value. R T 298

* Indicates a chanse from the previous Panel evaluatlon (JPL 87-41),

# Indicates a n_ entry that was not in the previous evaluation.

& Indicates a change in the Note.
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Table i. (Continued)

React£on A-Factor a E/R:k(_,E/R) k(298 K) f(298) b Notes

NaO + H 2 _ NaOH + H 2.6xi0 -II 0±600 2.6xi0 -II 2.0 J6

NaO + H20 * NaOH + OH 2.2xi0 -I0 0±k00 2.2xi0 -I0 2.0 J7

SaO+ NO _ Na + NO 2 l. Sx10 -10 0±400 l. Sx10 "I0 4.0 J6

H

N_ + CO 2 _ N_(_O 3 (See TAI".le 2)

NaO + IK:I _ products 2.8x10 -10 0±400 2.8x10 -10 3.0 J9

NaO 2 + NO * NaO + NO 2 <10 -14 J10

N4_D 2 + HCf _ products 2.3x10 -10 0±400 2.3x10 -I0 3.0 Jll

NaOH + HCI * NaCI + H20 2,8x10 -10 0_400 2.8x10 -10 3.0 312

M

NsOH + 002 + NaHCO 3 (See Table 2)

a Units are cm3/moleculs-sec.

h
f(298) is the uncertainty factor at 298K. To calculate the uncertainty at other temperatures,

expression: f(T) - f(298) axpl' _E ( ! _ _-- )J. Note that the exponent isuse the

absolute value. R T 298

* Indicates a chants from the previous Panel evaluation (JPL 67-41).

# Indicates a new entry that was not in the previous evaluation.

& Indicates a chan6e in the Note.

34



NOTES TO TABLE i

AI. O + 03 . The recommended rate expression Is from Wine et al (1983) and is a linear least squares

fit of all data (unweiKhted) from Davis et al (1973b), McCrumb end Kaufman (1972), West et al

(1978), Arnold and Comes (1979), and Wine et al (1983).

A2. O(ID) Reactions. These recommendations are based on averages of the absolute rate constant

measurements reported by Strait et el (1976), Davldson et al (i977) and Davidson et al (1978)

for NiO, Hie, CH4, H 2, N2, 02 , O 5, CCI 4, CFCI 3, CFiC12, NH 3, end CO2; by AmLmot_ e__t a_!l (1978),

Amimoto e.t al (1979), and Force and Wlesenfeld (198is,b) for N20, Hie, CH4, N 2, H 2, 02 , 03, CO 2,

CC14, CFC13, CFiCli, end CF4; by Wlne and Ravlshgmkara (1981, 1982, 1983) for NiO, Hie, N 2, H 2.

O 3, CO2, and CFiO; by Brock and Watson (private consmn_Icatlon, 1980) for N2, 02 and CO2; by Lee

and Slar_er (1978 end 1979) for H20 and 02; and by Gorlcke and Comes (1981) for H 2. The weight of

the evidence from these studies indicates that the results of Heldner and Husain (1973), Heldner

e__ a_!l (1973) and Fletcher and Husaln (19768, 1976b) contain a systematic error. For the critical

atmospheric reactants, such as N20 , H20 , and CH4, the recommended absolute rate constants are in

seed agreement with the previous relative measurements when compared with N 2 as the reference

reactant. A similar comparison with 02 as the reference reactant sires somewhat poorer agreement.

A3. O(ID) + NiO. The branching ratio for the reaction of O(ID) wlth N20 to give N 2 + 02 or NO + NO

is an average of the values reported by Davldson et al (1979); Volltrauer et al (1979); Marx

et al (1979) and Lem e_t a_1 (1981), wlth • spread in k(NO + NO)/k(TOTAL) - 0.52 - 0.62. The

recommended hranchin& ratio agrees well wlth earlier meaaureu_n_ts of the quantum yield from N20

photolyals (Calvert and Pitts 1966b). The O(1D) translational energy and temperature dependence

affects are not clearly resolved. Wlne end Ravlshszlkare (1982) have determined that the yield of

O(3p) from O(ID) + N20 Is <4.0Z. The u_certainty for this reaction includes factors for both

the overall rate coefflclen5 end the branchin& ratio. A direct measurement by Greenblatt and

Ravishankara (1989) of the NO yield from the O(ID) + N20 reaction In the presence of air-llke mixtures

agrees very well with the value predicted using the recommended O(1D) rate constants for N2, O2, and

NiO end the O(_) + Ni(_ product hranchlng ratio. These authors au&gest that their results support the

recommendations and reduce the uncertainty in the collected rata parameters by over a factor of two.

A4. O(1D) + HRO. Measurements of the 02 + H 2 product yield were made by gelLner e__tal (1980) (1+0.5

or -I)Z and by G_inakl and Birka (1985) (0.006 + 0.007 or -0.006)Z. Wine end Ravlshankara (1982)

have determined that the yield of O(3p) from O(_) + Hie is <(4.913.2)Z.

At. O(1D) + CH 4. The brenchlng ratio for the reactlon of O(1D) with CB 4 to glve OR + CR 3 or CH20 + H 2

is from Lln end DeMote (1973). A molecular beam study by Casavecchia eft a__l (1980) indicates that

an additional path forming CH30 (or CHiOfl) + H may be important. Thls possibility requires further

investigation. Wine and Ravlshsnkara (1982) have determined that the yield of O(3p) from O(1D) +

CH 4 is <4.3Z.

A6. O(1D) + H 2. Wlne and Ravlshankara (1982) have determined the yield of O(3p) is < 4.9Z. The major

products are H + OH.

AT. O(ID) + 03 . The branching ratio for reaction of O(ID) with 03 to give 02 + 02 or 02 + O + O is

from Davenport el a_1 (1972). This is supported by measurements of Amimoto et al (1978) who

reported tha_ on average one groond state O is produced per O(1D) reaction wlth 03 . It seems

unlikely that thls could result from 100Z quenching of the O(1D) by 03.
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AS. O(1D) + BC1. The recommendation is the average of measurements by Davtdson e t a_!, (1977) and

Wine et el (1986). Product studies by the latter indicate: O(3p) + BCl(gis)x; H + CIO(24±5)%;

end OH + CI(67±10)%.

Ag. O(ID) + HF. Rate coefficient and product yield measured by Wine et al (1984, private ccemmmlca-

±ion). The O(3p) yield is less than 4%.

A10. O(ID) + HBr. Rate coefficient and products measured by Wine eL el (1985). Product yields:

HBr + O(3p) (20±7)I, H + BrO <4.5%, and OH + Br (80t12)%.

All. O(ID) + C12. Rate coefficient and O(3p) product measured by Wine e_t a_l (1985). Product yields:

C12 + O(3p) (25±i0)1. The balance Is probably CIO + CI. An earlier indirect study by Freudensteln

and Biedenkapp (1976) is in reasonable agreement on the yield of CIO.

AI2. O(1D) + halocarbons. The halocarbon rate constants are for the total disappearance of O(ID) and

probably include physical quenching. Products of the reactive channels may include CX30 + X,

CX20 + X2, and CX 3 + XO, where X - H, F, or CI in various combinations. Chlorine and hydrogen are

more easily displaced than fluorine from halocarbons. Some values have been reported for the

fractions of the total rate of disappearance of O(ID) proceeding through physical q_enchlng and

reactive channels. For CC14: quenching - (14±6)% and reaction - (86±6)%, (Force and Wiesenfeld,

1981a); for CFCI3: quenching - (25±i0)%, CIO formation - (60±15)% (Donovan, private communication,

1980); for CF2C12: quenching - (14±7)% and reaction - (86±14)% (Force end Wiesenfeld, 1981a),

quench±n8 - (20±10)%, CIO formation i (55±15)% (Donovan, private communication, 1980).

AI3.

AI4.

O(ID) + CF 4. The recommendation is based upon measurements by Force and Wiesenfeld (1981a). It

is glven as an upper limit because the reported rate coefficient can be accotn_ted for by physical

quenchlng by a 0.4% impurity in the CF 4 reactant.

O(ID) + CC120 , CFC10 and CF20. For the reactions of O(ID) with CC120 and CFCIO the recommended

rate constants are derived from data of Fletcher and Husain (1978). For consistency, the recom-

mended values for these rate constants were derived using a scallng factor (0.5) which corrects for

the difference between rate constants from the Husain Laboratory end the recommendations for other

O(ID) rate constants in this table. The recommendation for CF20 is from the data of Wine and

Ravishankara (1983). Their result is preferred over the value of Fletcher and Husain (1978) because

it appears to follow the pattern of decreased reactivity with increased fluorine substitution

observed for other halocarbons. These reactions have been studied only at 298 K. Based on

consideration of similar O(ID) reactions, it is assumed that E/R equals zero, end therefore the

value shown for the A-factor has been set equal to k(298 K).

AI5. O(ID) + NH 3. Sanders et al (1980a) have detected the products NH(alA) and OH formed in the

reaction. They report the yield of NH(alA) is in the range 3-15% of the amount of OH detected.

AI6. O(ID) + CHFCI 2. New Entry. The recommendation is based upon the measurement by Davldson et al

(1978) of the total rate coefficient (physical quenching and reaction).

AI7. O(ID) + CHF2CI. New Entry. The recommendation is based upon the measurement by Davidson et al

(1978) of the total rate coefficient. A measurement of the rate of reaction (halocarbon removal)

relative to the rate of reaction with N20 by Green and Wayne (1978/77a) agrees very well wltb this

value when the O(ID) + N20 recommendation is used to obtain an absolute value. A relative

measurement by Atklnson et al (1975) gives a rate coefficient about s factor of two hlg/%er.

Addison et el (1979) reported the following product yields: CIO 55 ± 10%, CF 2 45 ± 10%, O(3p) 28

+10 or -15%, and OH 5%, where the O(3p) comes from a branch yielding CF 2 and flCl. It appears that

chemical reaction predominates.
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A18. O(_) + CHF 3. New Entry. The recommendation is based upon the measurement of Force and Wieee_feld

(1981) who also reported that the rate coefficient is partitioned between physical que_cblng (77X)

end reactive loss of CHF 3 (23Z). The recommendation has a large error limit because it seems

inconsistent with the recommended value for the analogous compound CHFzCF3_

Alg. O(1D) + CH2F 2. New Entry, The recommendation is based upon the relative rate _asurement of

Green told Wayne (1976/77a) who _eaaured the loss of CH2F 2 relative to the loss of N20. The

recommendation for N20 is used to obtain en estimated rate coefficient for reactive loss of CR2F 2,

4.6 x 10 -11. Thls has been increased by a factor of two to obtain the recoa_nendation based on the

assumption that physlcal quenching will account for about 50Z of the total O(_) lose. This

estimate is made by analogy to the data for CHF 3 and CH3F from Force and Wiesenfeld (1981).

A20. O(ID) + CH3F. New Entry. The recomaendatiun is based upon the meuurlm_mt of Force amd Wiesonfold

(1981) who also reported that the rate coefficient is partiticmed bet_Im physical qulnIch_ (25X)

and reactive lois of CH3F (75_).

A21. O(1D) + CHCI2CF 3. New Entry. The recommendatiun is based upon the relative rate measurement of

Green and Wayne (1976/77a) who measured the loss of CBCI2CF 3 relative to the loss of N20. The

recommendation for N20 is used to obtain the value give_. Some physical quenchi21g probably occurs.

The recommended value for the analogous compound CHF 3 .

A22. O(1D) + CHCIFCF 5. New Entry. There are no data on this reaction. The recom_endatlon is an estimate

based on analo&y to similar compounds.

A23. O(ID) + CHF2CF 3 . New Entry. The recommondatlun is baaed upon the relative rata measu_s=_mt of

Green and Wayne (1976/77a) who measured the loss of CHF2CF 3 relative to the los of N20. The

recommendation for N20 is used to obtain the value siren. Some physical quenchln8 probably occurs.

The recommendation has a large error llmlt because it se_ inconsistent with the rec_smer_:led value

for the analogous compound CHF 3 .

A24. O(1D) + CH2CICF2C1. Hew Entry. The reccmnendatlon is based upon the relative rate measurement of

Green end Wayne (1976/77a) who _easured the loss of CH2CICF2CI relative t_ the loss of N20. The

reco_mendatlon for N20 is used to obtain the value given. It is aeaumQd that there is no physical

quenchln 8 .

A25. O(1D) + CH2C1CF 3. Hew Entry. The recommendation is based upon the relative rate measurmnt of

Green end Wayne (1976/77a) who measured the loss of CH2CICF 3 relative to the loss of N20. The

recommendation for N20 is used to obtain the value given. It is assumed that there is no physical

quenching.

A26. O(1D) + CH2FCF 3 . Sew Entry. There are no data on this reaction. The recommendation £s an estimate

based on analogy to similar compounds, particularly CH2F 2. There may be significant phyalcal

quenchlng for this compound.

A27. OCID) + CHsCPC12. New Entry. The recommendation is based upon the relative rate measurement of

Green and Wayne (1976/77a) who measured the loss of CHsCFCI 2 relative to the loss of N20. The

recommendation for N20 is used to obtain the value given. It is assumed that there is no physical

quenching.

A28. O(1D) + CH3CF2C1. New Entry. The recoomendatlon is based upon the relative rate measurement of

Green and Wayne (1976/77a) who measured the loss of CHsCF2Cl relative to the loss of N20. The

recommendation for N20 is used to obtain the value given. It is assumed that there is no physical

quenching.
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A29. O(1D) + CH3CF 3. New Entry. The recommendation is based upon the relative rate measurement of

Green end Wayne (1976/77a) who measured the loss of CH3CF 3 relative to the loss of H20. The

recommendation for N20 is used to obtain the value given. It is assumed that there is no physical

quenching.

A30. O(1D) + CH3CHF 2. New Entry. There are no data on this reaction. The rec_ndation is an estimate

based on analogy to similar compounds, particularly CH3CF 3 and CH3F. There may be significant

physical quunchins for this compound.

A31.

A32.

O(1D) + C2F 6. New Entry. There are no data c_ this reaction. The recommendation is baaed on

analogy to CF 4 .

O(ID) + SF 6. Now Entry. The upper limit value is derived from data in Fig. 2a of Davldson it al

(1976). The obaerved first-order decay was assunmd to be due to O(1D) removal by SF 6 and 03 .

The amount due to reaction with 03 was calculated _d subtracted from the total first-order decay

tats coefficient, The residual decay was attributed to removal by SF6, although it includes some

contribution from trace and impurity gases such as 02 from the 03 source. The true rate coefficient

may be much amaller then the recommendation. Any reaction that occurs is likely to be physical

ClUenchins.

B1. H + 03 . The recommendation is an average of the recent results of Lee et al (1978b) end Keyser

(1979), which are in excellent agreement over the 200-*00 K range. An earlier study by Clyne and

Monkhouse (1977) is in very good _resmant on the T dependence in the range 300-560 K but lles about

60Z below the recommended values. Although we have no reason not to believe the Clyne and Monkhouse

values, we prefer the two studies that are in excellent agreement, especially since they were

carried out over the T range of interest. Recant results by Finlayson-Pitts and Kleindlenst (1979)

agree well with the present recommendations. Reports of a channel forming BO 2 + O (Finlayson-Pitts

and Kleindienst, 1979: ~25X, end Force and Wissenfeld, 19815: ~4OZ) have bean contradicted by other

studies (Howard and Finlayson-Pltts, 1980: <3Z; Waahlda e__t a__1, 1980a: <El; Finlayson-Pltts e_t a_ll,

1981: <2Z); and Dodonov e__t a__l, 1985: <O.3Z). Secondary chemistry is believed to be responsible

for the observed O-atoms in this system. Washlda e__t a._l (1980c) measured a low limit (<0.1Z) for

the production of singlet molecular oxygen in the reaction H + 03.

B2. H + HO 2. There are five recent studies of this reaction: Hack e._t a_l (1978), Hack e t a__l (1979c),

Thrush and wilkinson (19815), Srldharan e__t a_!l (1982) and Kayser (1986). Related early work and

combustion studies are referenced in the Srldharan e__ta__Zpaper. All five studies used discharge flow

systems. It is difficult to obtain a direct measurement of the rats constant for this reaction because

both reactants are radicals and the products OH end O are very reactive toward the HO 2 reactant.

The recommendation is based on the data of Srldharan et sl and Ksyser because their measurements

were the most direct end required the fewest corrections. The other measurements, (5.0+1.3) x

10 -11 cm 3 molecule -1 s -1 by Thrush end Wilkinson (1981b) and (4.65 ± 1) x 10 -11 by Hack et al

(1979c) are in reasonable agreement with the recommended value. Three of the studies reported the

product channels: (a) 20_, (b) H20 + O, and (c) H 2 + 02 . Hack et al (1978) ka/k - 0.69,

kb/k < 0.02, end kc/k - 0.29; Sridharen st el (1982) ka/k - 0.87±0.04, kb/k 0.04±0.02,

kc/k = 0.09_.045; end Kayssr (1986) ka/k - 0.90±0.04, kb/k - 0.02_0.02, and kc/k "

0.08+0.04. Hislop and Wayne (1977), Kayser e_t al (1985), and Michslangsll e._ttal (1988) reported on

10 -4 ' 10 -3 ' 10 -2
the yield of O2(blz) formed in charmel (c) as (2.8+1.3) x <8 x and <2.1 x

respectively of the total reactions. Keyser found the rats coefficient and product yields to be

independent of ten_parsture for 245 < T < 300 K.

B3. 0 + OH. The rate constant for 0 + OH is a fit to three temperature dependence studies: Westenberg

et al (1970a), Lewis and Watson (1980), Howard and S_alth (1981). This recc_mendation is consistent

with earlier work near room temperature as reviewed by Lewis end Watson (1980) end with the recent
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measurements of Brune e._t a_1 (1983). The ratio k(O + HO2)/k(O + OH) measured by Keyser (1983) agrees

with the rate constants recommended here.

B4.

Bb.

O + HO 2. The recommendation for the O + BO 2 reaction rate constant is the average of five studies at

room temperature (Keyser, 1982, Sridharan e_t al, 1982, Ravishankara e_t al, 1983b, Brune e_t el_l, 1983

and Nicovich and Wine, 1987) fitted to the temperature dependence given by Keyser (1982) and Nicovich

and Wine (1987). Earlier studies by Back et al (1979a) and Burrows et al (1977, 1979) are not

considered, because the OH + B202 reaction was important in these studies and the value used for

its rate constant in their analyses has bean shown to be in error. Data from Lilet al (1980c)

is not considered, because it is based on only four experiments end involves a curve fitting procedure

that appears to be insensitive to the desired rate constant. Data from Ravishsnkara e_t al (1983b)

at 298 K show no dependance on pressure between 10 and 500 torr B 2. The ratio k(O + HO2)/k(O + OH)

measured by Keyser (1983) agrees with the rats constants recommeoded here. Sridharan e_t a__1 (1985)

showed that the reaction products correspond to abstraction of an oxysan atom from HO 2 by the O

reactant. Keyser e__ta_!l (1985) reported <IZ 02 (blz) yield.

O + B202. There are two direct studies of the O + H202 reaction: Davis e_t al (1974c) and Wine

e__t al (1983). The recommended value is a fit to the co_ined data. Wine et al suggest that the

earlier measurements may be too high because of secondary chemistry. The A-factor for both data

sets is quite low compared to similar atom-molecule reactions. An indirect measurement of the E/R

by Roscoe (1982) is consistent with the recommendation.

Ba.
OH + HO 2. A study by Keyser (1988) appears to resolve a discrepancy between low pressure discharge

flow experiments which all gave rate coefficients near 7 x I0 -11 cm 3 molecule -1 a-l: Keyser

(1981), Thrush and Wilkinson (l@81a), Sridharan e_t a._l (1981, 1984), Temps and Wagner (1982), and

Rozenshtein et sl (1984), and atmospheric pressure studies which gave rate coefficients near

11 x 10-11: Lilet al (1980a), Hochanedel e__ta_11 (1980), DeMote (1981), Cox e__t a__l (1981), Burrows

et sl (1981) end Kurylo e__ts_!1 (1981). Laboratory measurements using a discharge flow experiment

and a chemical model analysls of the results by Keyser (1988) demonstrate that the previous discharge

flow measurements were probably subject to interference from small amounts of O and H. In the

presence of excess BO 2 these atosm 8enerate OH and result in a rate coefficient measurement which

falls below the true value. The temperature dependance is from Keyser (1988) who covered the range

254 to 382 K. A flow tube study by Schwab --et a_ (1989) reported k = (8.0 +3_4) x I0 -II in agree-

ment with the recommendation. These workers measured the concentrations of H02, OH, O, and H and

used a computer model of the relevant reactions to test for interference. A flow tube study by

Dransfeld and Wagner (1985) employlns isotope labelled 18OB reactant obtained k - (11 ± 2) x 10 -11 in

good agreement with the recommendation. They attributed about half of the reactive events to isotope

scrambling because control experiments with 16OB gave k - 6 x 10 "11. It should be noted that their

control experiments were subject to the errors described by Keyser (1988) due to the presence of

small amounts of B and O whereas their 18OH measurements were not. Kurylo et al (1981) found no

evidence of significant scr_unbling in isotope studies of the OH and HO 2 reaction. An additional

careful study of the reaction temperature dependence would be useful.

BY.
OH + 03. The recommendation for the OH + 03 rate constant is based on the room temperature measure-

manta of Kurylo (1973) and Zahnlser and Howard (1980) and the temperature dependence studies of

Anderson and Kaufman (1973), Ravishankara e__t a__l (197gb) and Smith et al (1984). Kurylo's value

was adjusted (-81) to correct for an error in the ozone concentration measurement (Hampson and

Garvin, 1977). The Anderson and Kaufman rate constants were normalized to k - 8.2 x 10 -14 cm 3

molecule -1 s -1 at 295 K as suggested by Chang and Kaufman (1978).

Ba. OH + OH. The recommendation for the 0_ + OH reaction is the average of six measurements near 298 K:

Westenber& and de Haas (1973a), McKenzie eL al (1973), Clyne and Down (1974), Trainor and yon

Rosenbarg (1974), Farquharson and Smith (1980) and Wagner and Zellner (1981). The rate constants
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BIO.

BII.

for these studies all fall between (1.4 and 2.3) x 10 -12 cm 3 molecule -I a -1 The temperature

dependence is from Wagner and Zellner, who reported rate constants for the range T - 250-580 K.

OH + H202. The recommendation is a fit to the temperature dependance studies of Keyser (lg80b),

Sridharan e_t el (1980), Wine e t a_l (Ig81c), Kurylo e_t al (1982b), and Vash_lanl e__t a l (1989). The

date fro(, these studies have been revised to account for the H202 UV absorption cross section

recommendations in this evaluatlon. The first two references contain a discussion of some possible

reasons for the discrepancies with earlier work and an assessment of the Impact of the new value

on other kinetic studies. All of these measurements qree quite well and overlap one another.

Measurements by Lamb e_t el (1983) agree at room temperature but Indicate a qulte dlfferant te(_per-

eture dependence with k increasing slightly with decreasing temperature. Their data were not

incorporated in the fit. A measurement at room tu_pereture by Marlnelll and Johnston (1982a)

agrees well with the recoamendation.

OH + H 2. The 0B + H 2 reaction has been the subject of numerous studies (see Raviehankara et al

(19811)) for a review of experimental and theoretical work). The rec_ndatlon Is fixed to the

average of nine studies at 298 K: Grelner (Ig69), Stuhl and Nlkl (1972), Westenbers and de Haas

(1973c), Smith and Zellner (1974), Atkinson e t 2- (1975), Overend et al (1975), Tully and

Ravlahankauca (1980), Zellnar end Stelnert (1981), and Ravlshankara et e_ (1981b).

HO 2 + HO 2. Two separate expressions ere glven for the rate constant for the H02 + 802 reaction.

The effective rate constant is 8ivan by the sum of these two equations. This reaction has been

shown to have a pressure independent blmolecular component and a pressure dependant termolecular

component. Both components have nesatlve temperature coefficients. The blmolecular expression

is obtained from data of Cox and Burrows (1979), Thrush end Tyndall (1982a,b), Kircher and Sander

(1984), Takacs end HOWard (1984, 1986), Sander (1984) and Kurylo et a__ (1986). Data of Rozenshteln

e t _ (1984) are consistent with the low pressure recommendation but they report no chanse In k

with pressure up to 1 arm. Earlier results of Thrush end Wi1Jklnson (1979) are inconsistent with

the reccm_endatlon. The termolecular expression is obtained from data of Sender e t a_ (1982),

Simonaltls and 8elcklan (1982) and KurTlo e t al (1986) at room temperature and Kircher and Sander

(1984) for the tmmperature dependence. This equation applies to M - air. On thls reaction system

there is 8eneral asreemant amon s Investisatore on the followln 8 aspects of the reaction at hlsh

pressure (P ~I arm): (a) the HO 2 uv absorption cross section: Paukert and Johnston (1972), Cox end

Burrovm (1979), 8ochanadel et al (1980), Sander e t a_! (1982), and Kur71o e t a l (1987a); (b) the

rate constant at 300 K: Paukert and Johnston (I972), Hamilton and Lil (1877), Cox and Burrows

(1979), Lil et al (1979), Tsuchlya end Nakamura (1979), Sander e_t a__l (1982), Simonaltls and

Helcklen (1982), and Kurylo et al (1988) (ell values fell in the range (2.5 to 4.7) x 10 -12

3
cm molecule I s-1); (c) the rate constant temperature dependence: Cox and Burrows (1979),

LII e_t el (1979), and Kircher and Sander (1984); (d) the rate constant water vapor dependence:

Hamilton (1975), 8ochanadel e t el (1972), Hamilton and Lil (1977), Cox and Burrows (1979), DeHore

(1979), Lil et el (1981), and Sander e__ta_!1 (1982); (e) the H/D isotope effect: 8amllton and Lil

(1977) end Sander et el (1982); and (f) the formation of H202 + 02 as the ma_or products at

300 K: Suet al (1979b), lllkl et al (1980), Sander e t a!1 (1982), and Simonaltls and Heicklen

(1982). Sahetchian et al (1982, 1987) glve evidence for the formation of a sr_all amoont o£ H 2

(~10_) at temperatures near 500 K but Baldwin e t al (1984) and Insold (1988) 81ve evidence that

the yield must be much less. Glinski end Birks (1985) report an upper limit of i% H 2 yield at a

total pressure of about 50 tort and 298 K but their experiment may have interference from wall

reactions. For systems contalnln& water vapor, the factors given by Lil e__ta l (1981) and Kirche;

and 3ander (1984) can be incorporated: 1 + 1.4 x 10 -21 [820] exp(2200/T). Lightfoot et el (1988)

reported atmospheric pressure measurements over the temperature range 298-777 K that are in

agreement with the recommended value at room temperature but indicate an upward curvature in the

Arrhenius plot at elevated temperatures.
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CI.

C2.

C3.

C4.

C5.

C6.

He 2 + 03 . There are four studies of this reaction using flow tube reactors: Zahnlser and Howard

(1980) at 245 to 365 K, Manzanares e_b a_l (1986) at 298 K, and Sinha e_t a_l (1987) at 243 to 413 K,

and Wang e__t al (1988) at 233 to 400 K. The data of Sinha e__t a_!1was given somewhat greater welsht

An the evaluation because this study did not employ a 08 radical scavanl;er. The other studies

fall close to the recommendation. All of the te_)erature dependence studies show some curvature

in the Arrhenlus plot with the EAR decreasinl; at lower temperature. The recommendation incorporates

only data at temperatures lees t/_en 300 K and Is not valid for T > 300 K and is uncertain at

T < 230 K, here there are n0 data. 818h quallt7 low temperature data are needed for this

reaction. Indirect studies using the 802 + []02 reaction as a reference (SinKE1altls e_d Helcklen,

1973; DeHore end Techutkow-Roux, 1974; and Darters, 1979) save results that fall below the recom-

mendation, Idhan currant data are _Ised for the reference rate COeffiCient,

8 + 02. Chemsad from 3PL 87-41. The recommended S:l_ession Is derived from a least squares fit

to the data of Kistiakowsky and Volpl (1957), Wilson (1967), Backer st al (1969), Westenbezs st al

(1970), Clark and Wayne (1970), Winklez st al (1986) and Barnett et al (1987). k(298 K) is

derived from the Arrhenius expression and is in excellent agreement with the average of all of the

room temperature determinations.

N + 03 . Changed frnm JPL 87-41. The reconzwndatlon is based on the results of Barnett at al

(1987). The value of (1.0_0.2) x 10 -16 cm 3 molecule -1 s -1 reported by Barnett e._t al should

probably be considered an upper limit rather then a determination. The low values reported by

Barnett o tal, Stiof e tal (1979) and Garvln end Braids (1963) cast doubt on the much faster

rates reported by Phillips and Schiff (1962), and Chen and Taylor (1961).

N + NO. Recommendation Is based on the results of Lee e_ al (1978c). A recant study of Husaln

and Slater (1980) reports a room temperature rate constant 30 percent higher than the recommended

value.

N + He 2. The Panel accepts the results of Clyne end One (1982) for the value of the rate constant

at 298 K. This is a factor of 2 hasher than that reported by Clyne and HcDermAd (1975). However,

CIyne and One consider that the more recent study is probably more reliable. Huaain and Slater

(1980) reported a room temperature rate constant of 3.8 x 10 -11 cm 3 molecule -1 s -1, which As a

factor of 12 8reater then the value reported by CIyne and One. This hash value may Indicate the

presence of catalytic cycles, as discussed by Clyne and McDermid, and Clyne and One. There are no

studies of the temperature dependance of the rate constant. The reaction products are taken to be

N20 + O (Cl_rns and McDermid). A recent study by Iwata et a__ (1986) suggested an upper limit of

3.3 x I0 -13 cm 3 molecule -I a -1 for the correspo_dlns reaction involving N(_) and N(_) atoms

(sum of all reaction ch_nels).

O + NO 2. k(298 K) is based on the results of Davis st al (1973a), Slanser e tal (1973), Bemand

et al (1974), Onsstad and BArks (1988) and Gears-Muller and Stuhl (1987). The recommendation for

E/R is from Davis e__t el, _stad and BArks, and Gears-Muller and Stuhl with t.he A-factor adjusted

to give the recommended k(298 K) value.

0 + NO 3. Based on the study of Graham and Johnston (1978) at 298 K and 329 K. While limited in

temperature range , the data indicate no temperature dependence. Furthermore, by analogy with the

reaction of 0 with N02, It is assumed that this rate constant is independent of temperature.

Clearly, temperature dependant studies are needed.

C7. 0 + H205 . Based on Kaiser and Japer (1978).

C8. 0 + HNO 3. The upper limit reported by ChaIxnan and Wayne (1974) As accepted.
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C9. 0 + []OzNO 2. The recomnended value is based on the study of Chan 8 et a__l (1981). The larse

uncertainty in E/R e_d k at 298 K are due to the fact that this is a sinsle study.

CIO.
03 + NO. The recommended Arrhenlus expression is a least squares fit to the data reported by

Birks et al (1978), Lippmann st al (1980), Ray a_d Watson (1981b), Michael et al (1981) and

Borders end Birka (1982) at and below room temperature, with the data at closely spaced

temperatures reported in Lippmann at al and Borders and Birka bein 8 8rouped tosether so that

these five studies are welshted equally. This expression fits all the data within the teaqperature

ranse 195-304 K reported in these five studies to within 20 percent. Only the data between 195

and 304 K were used to derive the recommended Arrhenlus expression, due to the observed non-linear

Arrhenlus behavior (CIyne et al (1964), Cloush and Thrush (1967), Birk8 e__t a__, Michael et al

and Borders and Birks). Cloush and Thrush, Blrks et a_!l, Schurath et al (1981), and Michael

et al have all reported individual Arrbanius parameters for each of the two primary reaction

charmels. The range of values for k at atrat_spherlc temperatures is somewhat larser than would

be expected for such an easy reaction to study. The measurements of Stedman and Nikl (1973a) and

Bemand e_t s_11 (197*) at 298 K are in excellent agreement with the reco.-_ended value of k at 298 K.

Cll.
NO + BO 2 . The reccc_oendation for HO 2 + NO is based on the averaee of six measurements of the

rate constant near room temperature: Howard and Evanson (1977), Leu (1979b), Boward (1979).

Glaschlck-Schlmpf et al (1979), Hack et a_ (1980), and Thrush and Wilkinson (1981a). All of

these are in quite seed asreemant. An earlier study, Burrows et al (1979), has been dropped

because of an error in the reference rate constant, k(_ + 5202). The room temperature study of

Rozenshtein et a_ (1984) has also been disresarded due to an inadequate discussion of possible

secondary reactions. The temperature dependence Is from Howard (1980) and Is in reasonable

asreq,nent with that 8ivan by Leu (197g0). A hish pressure study Is needed in view of the many

unusual effects seen in other He 2 reactlona.

C12. NO + NO3" The 298 K recommendation is based on the studies of Torabi and Ravishankara (1984),

Hammer a__t al (1986) and Sander and Kircher (1986), which are in excellent asreement. The T

dependence is based on an average of the results from Sander and Klrcher, and the data of Hammer

e tt a!L below 300 K.

C13.
OH + NO3. New Entry. The recommendation is derived from an average of the results of Boodaehtans

e_t a_!l (1988) and the 298 K results of Mellouki et al (1988). The reaction products are probably

H02 + NO2"

C14.
OH + BNO 3. The Intanslve study of this reaction over the past few years has sisnificantly reduced

many of the apparent discrepancies among (a) the early studies yleldln8 a low, temperature independent

rate constant (Smith and Zellner, 1975 and Marsitan e__t a__1, 1975); (b) more recent work (mostly flash

photolysls) with a k(298) approximately 401 larser, and a atrons nesative T dependence below room

temperature (Wine e__t el, 1981b; Kurylo e__t s__l, 1982a; Marsitan and Watson, 1982; Marinelli and

Johnston, 1982a; Ravishankara e__t a__l, 1982; Jourdain e__t s_l, 1982; C. A. Smith e__t a__l, 1984; Jolly

et a_!l, 1985 (298 K), Stachnik e__t a_!l, 1988); and (c) recent diacharee low studies yieldin8 the

lower value for k(298 K) but showin8 substantial ne8ative T dependence (Devolder e__t a__1, 1984:

Connell and Howard, 1985). Major features of the data are (1) a strong he&silva T dependence

below room temperature. (2) a much weaker temperature dependence above room temperature, possibly

levelin8 off around 500 K, (3) small, measurable pressure dependence which becomes 8rester at low

temperatures. The pressure dependence has bean determined by Marsitan and Watson (1982) over the

ranges 20-100 torr and 225-298 K and by Stach_lk et el (1986) at pressures of 10, 80 and 730 torr

at 298 K. The two studies are in excellent asreement. Their "low pressure limit" asrees well

with the average k(298 K) = 1.0 x 10 -13 cm 3 s -I derived from the four low pressure dlscharse flow

studies. The values measured for pressures typical of the other flash photolysis studies (20-50

torr) also agree well. The two pressure dependence studies indicate that the high pressure limit
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is approximately 50% greater than the low pressure limit st 298 K, and about a factor of 2 greater

at 240 K. Thus, over _ho narrow pressure ranges explored in most flash photolysis studies, the

P dependence would escape notice. For temperatures below 300 K, the pressure and temperature

dependence can be represented by comblnin8 a low pressure (bimolecular) limit, ko, with a

Lindec-J_rm-Hinaheiwood expression for the P depend_ncs:

k3[M]
k(M,T) - k + -- with

o k3[M_]

1 + k 2

I k ° - 7.2 x 10 -15 oxp(785/T)
k 2 - 4.1 x 10 "16 exp(1440/T)

k 3 - 1.9 x 10 -33 axp(725/T)

C15.

C16.

The coefficients k 3 and k 2 are the tsrmolecular and hlsh pressure lJmlts for the "assoclati_"

channel. The value of k st hish pressures is the sum k ° + k 2. The weak pressure dependence

and weak T dependence shove 300 K explain many of the apparent discrepancies for all the data

(including the 1975 studies), except for a few minor features which are probably due to the

normally encountered experimental scatter. The Smith and Zellner flash photolysis values are

low compared to other flash systems (closer to the flow studies), althou&h the difference is

not u_usual (~30%). Conversely, the Jourdain e_t a__ flow study is high relative to the other

ones. The Cormell and Howard T dependence (below 300 K) is significantly weaker than the other

studies. The failure of Smith e_t al to observe a pressure effect between 50 and 760 tort, even

at 240 K, is in sharp conflict with the effect seen by Stachnlk et al over the same range in

a _4ch more detailed study. Jolly o__t el, also could not detect • pressure dependence between

1 torr (M - HNO 3) and 600 torr (M = SF 6) at 298 K. Nelso_ e__t al 41981), Jourdatn e__t al and

Ravishankara e__ a_l have ell shown that within experimental error the yield of NO 3 (per OH

removed) is unity at 298 K, with similar results at 250 K (Raviahm_kara a__t a_l).

01_ + HO2NO 2. The recoamendation for both k at 298 K and the Arrheniua expression is based upon

the data of Tremor _ a__ C1982), Barnes st, al 41981), C. A. Smith e__ s_l 41984) and Barnes

at al (1986b). Trevor e_t a_1 studied this reaction over the temperature range 246-324 K and

reported a temperature invarlant value of 4.0 x 10 -12 cm 3 molecule -1 s -I, although a weighted

least squares fit to their data yields an Arrhsnlus expression with an E/R value of 4193±193) K.

In contrast, Smith et sl studied the reaction over the temperature range 240-300 K end observed

a negative temperature dependance with en E/R value of -4650±30) K. The early Barnes et al

study (1981) was carried out only st room temperature and 1 tort total pressure while their most

recent study was performed in the pressure ran&@ 1-300 Lorr N 2 and temperature range 268-295 K

with no rats constant variation being observed. In addition, k298 derived in Barnes __ s_ll

41961) was r_vls_i upward in the later study fr_a *.1 x 10 -12 to 5.0 x 10 -12 due to s change in

the rate constant for the reference reaction. The values of k at 298 K from the four studies

are in excellent a&reement. An unweIE_ted least squares fit to the data from the above-

mentioned studies yields the recommended Arrhanlus expression. The less precise value for k at

298 K reported by Littlejohn and Johnston 41980) is in fair agreement with the recommended value.

The error limits on the recommended E/R are sufficient encompass the results of both Trevor eft a__l

and _ith e_t a__1. It should he noted that the values of k st Z20 K deduced frc_ the two studies

differ by a factor of 2. Clearly additional studies of k as a function of temperature and the

identification of the reaction products are needed.

HO Z + NO 3. N_ Entry. The reccm_endatlon at 298 K is obtained from • least squares fit to bhe

298 K data of Mellouki s__t a l (1988) and the temperature dependence data of Hall e_ a l (1988) below

333 K.
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C18

C19.

C2O.

C21.

C22.

C23.

03 + NO 2. Changed from 87-41. The recommended expression is derived from a least squares fit to

the data of Davis et el (1974b), Graham and Johnston (1974), Huie and Herren (1974) and Co• and

Coker (1983). The data of Verhees and Adams (1985) and Stedman and Niki (1973a) were not considered

because of systematic discrepancies with the other studies.

03 + HNO 2. Based on Kaiser and Japar (1977) and Strelt at a_!l (1979).

NO 2 + NO 3. New Entry. The existence of the reaction channel forming NO + NO 2 + 02 haa not been

firmly established. There are, however, consistent results from three studies (Daniela and

Johnston (1921), Johnston and Tao (1951) and Cantrell et al (1988)) which surest the existence

of a bimolecular channel. The results for k19 from those studies are given by an expression that

is relative to the equilibrium NO 2 + NO 3 + M _ N205 + M (see Note 10, Table 2). Using the

recommended value for this equilibrium constant, k19 As determined to be 8.2 x 10 -14 exp(-1480/T)

3 e-l.cm molecule -1 A matter of concern is that the activation energy is less than the enthalpy

of reaction. The 296 K value of HJorth e t a_!l (1989), 5.1 • I0 -18 cm 3 "_lecule "1 e -I, lies within

the uncertainty of the above expresslon.

N205 + H20. The recommended value at 298 K is baaed on the studies of Tuazon et al (1983),

Atklnson e t a_! (1986) and Hjorth e t a_! (1987). Sverdrup et all (1987) obtained an upper limit that

is a factor of four smaller than that obtained in the other studies, but the higher upper limit

is recommended because of the difficulty of distinguishing between homogeneous and heterogeneous

processes in the experiment.

OH + NH 3. The recommended value at 298 K is the average of the values reported by Stuhl (1973b),

Smith and Zellner (1975), Perry e__t a_!l (1975b), Silver and Kolb (1980), and Stephens (198,). The

values reported by Pagsberg e t a! (1879) and Cox e t a_!l (1975) were not considered because these

studies involved the analysis of a complex mechanism and the results are well outside the error

limits implied by the above five direct studies. The results of Kurylo (1973) and Hack eta__ (1974)

were not considered because of their lares discrepancies with the other direct studios (factors of

3.9 and 1.6 at room temperature, respectively). The temperature dependance is based on the results

reported by Smith and Zellner, Perry e t a l, Silver and Kolb, and Stephena, and the pre-exponentlal

factor has bean selected to fit the recommended room temperature value.

NH 2 + He 2. There is a fairly good agreement on the value of k at 298 K between the direct study

of Kurasawa and Lesclaux (1980b), and the relative studies of Cheskis and Sarkiaov (1979) and

Passberg e_ al (1978). The recommended value is the average of the values reported in these

three studies. The identity of the products is not known; however, Kurasawa and Lesclaux suggest

that the most probable reaction channels give either NH 3 + 02 or _O + H20 as products.

NH 2 + NO. The recommended value for k at 298 K is the average of the values reported by Gordon e__tal

(1971), Gehring e t a! (1973), Lesclaux et el (1975), Hancock e t el (1975), Sarklsov e_t a_! (1978),

Hack at al (197Sb), Stief et al (1982)0 Silver and ](o]2o (1982), and Whyte and Phillips (1983).

The values reported in these studies for k at 298 K range from 8.3 to 27.0 (x 10 -12 ) cm 3 molecule -1

-1
s , which Is not particularly satisfactory. The results tend to separate into two groups. The

flash photolysis results average 1.9 x i0 -II cm 3 molecule -I e -I, while those obtained uslng the

discharge flc_v technique average 0.9 • 10 -11 cm 3 molecule -I a -I The apparent discrepancy cannot

simply be due to a pressure effect as the pressure ranges of the flash photolysis and discharge flow

studies overlapped, and none of the studies observed • pressure dependence for k. There have been

four studies of the temperature dependence of k. Each study reported k to decrease with increasing

temperature, i.e. T -1'25 (Lesclaux et al from 300-500 K), T -1"85 (Hack e t a_!l from 210-503 K),

T 1"67 (Stief e__t all from 216-480 K) and T -2"3 exp(-684/T) (Silver and Kolb from 294-1215 K). The

recommended temperature dependence is taken to be a weighted average of the data below t00 K from all

four studies. The expression is: k - 1.6 x 10 -11 (T/298) -1"5 for the temperature range 210-500 K.
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C24.

C25.

There are many possible product charnels for this reaction. Stress evidence asainst the formation

of H atoms exists. Both Silver and Kolb (1982) and Andresen et al (1982) report substantial yields

of OH of 40Z and _>65Z, respectively, In dlsasreement with Stief et al (1982), Hall et al 41986)

and Dolson 41988) who observed room temperature OB yields of <22Z, 13+2Z and <I5Z, respectively.

In addition, Andresan e._ta._l set s lower limit of a29Z for the channel N 2 + H20.

NH 2 + NO 2. There have been four studies of this reaction (Hack e__t al (1979b), Kurasawa and

Lesclaux (1979), Whyte and Phillips (1983) and Xian8 e_ a__l, 1985). There is very poor asreement

among these studies both for k at 298 K (factor of 2.3) and for the tlmperatura dependance of k

(T -3"0 and T-1"3). The rec_anded values of k at 298 K and the tec_peratura dependance of k are

averages of the results reported in these four studies. Back e_ _ have shown that the predominant

reaction charn_el (>951) produces N20 + H20. Just as for the NB 2 + He reaction, the data for thls

reaction se_ to indicate a factor of two discrepancy between flow and flash techniques, althoul_h

the data base is much snaaller.

NH2 + 02 . The rec_mandatton is based on the reported upper limits of 3 x 10 -18 (Lesclaux and

Demlssy, 1977), 8 x 10 "15 (Pa_sbers e__t el, 1979), 1.5 x 10 "17 (Cheskis and Sarklsov, 1979),

3 x 10 -18 (Lozovaky e__t a_!1, 1984), 1 x 10 -17 (Patrick and Golden, 1984b) and 7.7 x 10 -18

(Michael e__t a_!1, 1985b) all expressed as blmolecular rate constants with units of cm 3 s -1. The

tarmoleculaz rate constant upper limit would be 2 x 10 -38 cm 6 s -I . The values reported by Hack

e__t a_l (1982), k - 3.6 x 10 -33 (T/295) -2 cm 6 s -1 and Jayanty e_t a__ (1976), k - 4 x 10 -15 cm 3

-1
s are not used in arrtvtn8 st the recoe_mdation. Back and Kurzka 41985) have observed •

reaction between _B 2 and O2(IA), obtalnln8 a rate constant of (I + 0.3) X 10 -14 cm 3 molecule -I
-I

s batsmen 295 and 353 K.

C26.
NB 2 + 03. Chem_;ed from JPL 87-41. There is poor aarelment amen8 the recant study of Chekis

et al (1985), k(298) - 1.5 x 10 -13 cm 3 s "1, and the earlier studies by Patrick and Golden

(1984b), k(298) - 3.25 x 10 -13 am 3 s -1 Hack et a__ (1981), 1.84 x 10 "13 cm 3 s-1; Bulatov at el

(1980), 1.2 x 10 -13 cm 3 s -1, and Kuraaaws and Lesclaux (1980a), 0.63 x 10 -13 cm 3 s -1. The

very low value of Kurasawa and Lesclaux may be due to reseneratlon of NB 2 from secondary reactions

(sea Patrick and Golden), and it is disresardnd here. The dlschat&a flow value of Hack __ a_ is

nearly s factor of two less than the recent Patrick lutd Golden flash photolysls value. The larks

discrepancy between Bulatov e_t al and Patrick and Golden eludes explanation. The recommendation

ts the k(298) aversse of these four studies, and E/R is an avarese of Patrick and Golden 41151 K)

with Hack e_t al (710 K).

D1. OH + CO. The recommendation allows for an increase in k with pressure. The zero pressure value was

derived by sverasln 8 all direct low pressure determlnetlonl (those lasted in Baulch e t el 41980) and

the values reported by Dreler and Wolfrum, 1980; Huseln e__ta_l, 1981; Ravishar_ara and Thompson, 1983;

Paraskevopoulos and Irwin, 1984; Hofzumahaus and Stuhl, 1984; Fritz and Zeliner, private communica-

tion, 1987). The results of Jonah et el (1984) are too high and were not included. An increase

in k with pressure has been observed by a lares number of Investigators (Overend and Paraskevopoulos,

1977e; Perry e_t el, 1977; Chan e tt a_!l, 1977; Bterman e__t el, 1978; Cox et el, 1976b; Butler e__t a11,

1978; Paraskevopoulos and Irwin, 1982b, 1984; Dd4ore, 1984; Hofsumahaus and Stubl, 1984; Fritz and

Zellner, 1987; Hynes e__t el. 1986a; StachnLk and Maline, private communication, 1987; and Wahner

and Zetzsch, private comnunication, 1987). In addition, Hikl e_t a_l (1984) have measured k relative

to OH + C2H 4 in one atmosphere of air by following CO 2 production using FTIR. The recommended 298 K

value was obtained by usln 8 a weighted non-llnear least squares analysis of all pressure dependant

data in N 2 (Paraskevopoulos and Irwin, 1984; DeMote, 1984; Hofsun_khaus and Stuhl, 1984; and Hynes

e__t a_!l, 1986a) as well as those in alr (Fritz and Zellner, 1987; Nlkl e__t a_!1, 1984; Hynes e__t e_!l,

1986a; Stachnlk and Mollna, 1987; Wahner and Zetzsch, 1987) to the form k = (A+BP)/(C+DP) where P

is pressure in atmospheres. The data were best fit with D - O and therefore a linear form is

reco_cnended. Previous controversy resardin8 the effect of smell an_0unts of 02 (Bierman et eL) has
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D2.

D3.

D4.

DS.

been resolved _,Id is attributed to secondary reactions (DeHore, 1984; Hofzumahaus end Stuhl, 1984).

The results of Butler et al (1978) have to be re-evaluated in the lisht of refinements in the rate

coefficient for the OH + H202 reaction. The corrected rate coefficient is in approximate qreement

with the recommended value. Currently, there are no indications to ausaest that the presence of

02 has any effect on t/le rate coefficient other then as a third body. The E/R value in the pressure

renas 50-760 t_rr has been shown to be essentially zero between 220 and 298 K by Hynes e t a__l(1985a),

end Stachnik end Molina (private cce_unicatlons, 1987). Further substentlation of the temperature

independence of k at 1 ate. may be worthwhile. The umcertainty factor is for 1 ate. of air. In

the presence of 02, the HOCO intermediate As converted to BO 2 + (:02 (DeMore, 1984). Bane et el

(1985) observe an enh_mcement of k with water vapor which is in conflict with the flash photolyels

studies, e.8., Ravishsnkara and Thor-peon (1983), Paraskevopoul_s end Irwin (1984), DeMora (1984),

end _/nes e_ _ (1986a).

OH + CH 4 . This is a well characterized reaction. All t_nperatura dalMmdenca studies are in seed

ssreement (Greiner, 1970]); Davis et el, 1974a; Marsitan et el, 1974; Zellner stud Stelnart, 1976;

Tully and Ravtshaz_ksra, 1980; Jean8 and KauZman, 1882; 3onah e__ s__, 1984; and Hadronich and Falder,

1985). Due to this 8ood asraement, and the curved nature of the Azrhenius plot at htsher tm_pera-

turas, the value of Davis at a_ obtained in the temperature interval 240 <T <373 K is recommended.

It is worth notin8 that the rate coefficient is small and hence the measurements are easily

Influenced by impurities. Further, there are only a few measurements below room temperature.

Hence, the low temperature values could be slishtly lower then those recommended here.

OH + 13C_ 4 (k13). This reaction has been studied relative to the OH + CH 4 (k12) reaction, since

the ratio of the rate coefficients k13/k12 is the quantity needed for idsntifytr_ methane sources.

Rust end Stevens (1980) obtained a value of 1.003 for k13/12 at 208 K wl_tle the recent measure_mt

of Davidson et a__ (1987) yields 1.010i0.007 at the am re.stature. No data on the temperature

dependence of E13/E12 is available. We have recom_mded the value measured by Davidson et al since

they present some reasons as to why Rust end Stevens' value could be low. The error bar Is

1.010f0.007 sad it overlaps with the measured value of Rust sad Stevens.

OH + C2H 6. There is seed aSremMmt amens nine studies of this reaction at 298 K, i.e., Grainer

(1970a), Bowsrd and Evenaon (1076b), C_arend e t a__ (1975), Lea sad Tan8 (1982), Leu (1979b), Tully

art al (1983), Jean 8 e._t al (1984), Tully at sl (1986), and Nielsen at a._l (1986). All these

studies were not carrled o_t at exactly 298 K. Therefore, we have recalculated the 298 K value,

by assumin8 an E/R of 1100 K, for those studies where the room temperature was not 298 K. The

sverase of these nine measurements is k(298 K). The temperature dependence was computed by ualn8

the data of Greiner (1970a), Tully e_ al (1983), and Jean8 et sl (1984). Hisher temperature

results of Baulch at al (1983), and Tully e t al (1988) are in sSreement with the recommended

value. Recent measurements by Wallinston at a._l (1987b) over the temperature tense 234-438 K are

in seed asreement with the recommended values. Frequently this rate coefficient is measured to

check the reliability of new apparatus, and those reported values are not always included In

evaluatin8 this k.

OH + C3H 8. There are many measurements of the rate coefficient at 298 K. In this evaluation we

have considered only the direct measurements that are reported in the literature. These are

measurements by Greiner (1970a), Tully e_t a l (1983), Droess and Tully (1986), Scl_idt et al

(1985), Baulch eft a__l (1985), and Bradley e__t a_l (1073). The 298 K value is the averase of these

six studies. Greiner (1070a), Tully a__t a__l (1983), and Droasa and Tully (1986) have measured the

temperature dependance of this reaction, end the reco.vaended E/R was obtained from a linear least

squares analysis of the data from these studies at T below 500 K. The A-factor was adjusted to

reproduce k(208 K). This reaction has two possible che_nels, i.e., abstraction of the primary or

the secondary H-atom. Therefore, non~Arrhenlus behavior is exhibited over a wide temperature ranae .
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as shown by Tully et a__l., and Droeseand Tully. The branchins ratios were estimated from the latter:

kprlmary - 8.3 x 10 -12 exp(-1050/T) cm 3 molecule -I s -1

ksecondary = 6.3 x 10 -12 txp(-580/T) am 3 molecule -1 e "1

These numbers are in reaeotlabla a&remnt with the older data of Greiner.

D6.
OH + H2CO. The value for k(298 K) is the avera&e of those determined by A_kinson emd Pltts (1978),

Stief et a_l (1980), Temps and WaSher (1984) and Zabarnlck et al _ (1988). The value reported by

Morris and Niki 41971) agrees within the stated umcerteinty. There are two relative values which

are not in asreeMent with the recome_ndatlona. The value of Niki e_ a__l 41978b) relative t_ OH +

C2H 4 is hi&her while the value of Smith (1978) relative to OB + _ is lower. The letter data are

also at variance with the nesllsible tenrperature dependence observed in the two flash photolysis

studies. The cc_tned data set sussests E/R - 0. The abetractio_ reaction shown in the table is

the major channel (Temps and Washer, 1984; Niki et el, 1984); other charmels may contribute to

a small extent (Borowitz e__t el, 1978).

DT. OH + CH3OH. New Entry. The raco_wnded value for k(298 K) is the average of sevem direct studies

by Overend and Paraskevopoulos (1978), Ravtshankara and Davis (1978), Hasele e_t sl (1983), Haler

e_t a__ (1984), Gre_ill amd O'Grady (1986), Wallinst_n and Kurylo (1987), and Hess and Tully (1989).

Indirect meesur_nentsbyCsmt_ball e__tsl (1978), Barnes e__ta_l 41982), Tuazon e__tal (1983) and Klopffer

s_ta__ (1988) are in seed asreement with the recommended value. The te_eret_Lre dependence of k has

been measured by Hassle e_ a__, Meier eta1, Greenhlll and O'Grady, Walllnston and Kurylo, and Hess

and Tully. The reconaendedvalue of E/Rwas calculated usi-8 the results obtained inthe temperature

tense of 240 to 400 K by Greenhill and O'Grady (1988) and Wallinston and Kurylo 41987), the only

investlsators who have measured k below 298 K. Hess and Tully report a curved Arrhenius plot over

the temperature ranse 298 - 1000 K, while Meier st alden or observe such a curvature. This reaction

has two pathways; abstraction of the H-atom from the methyl &roup or from the OH _roup. The results

of Hasele e._ta_l , Meier a_tt e_ll, and Hess and Tully sussest that H abstraction from the methyl sroup

is the doeLinant charnel below room temperature.

DS.

Dg.

OH + C2H5(_. New Entry. The recommended value for k(298 K) is the averase of those reported by

Campbell et al (1976), Overend and Paraskevopouloa (1978), Ravishankara and Davis (1978), Cox and

Cold&tone (1982), Kerr and Stocker 41986), Wallinston and Kurylo (1987), Hess and Tully (1988), end

Lorenz e__ al (private c_ication). The value reported by Meier s__5al, is nearly a factor of two

lOWer than that recoeDended here. The racom_nded value of E/Rwae obtained by usin8 the data of

Lorenz e__t el, Wallinston and Kurylo, and Hess and Tully. At atmospheric temperatures, H-atom

abstraction from the CH 2 sroup is the dominant channel (Meier e_t a_l, 1985; Hess and Tully, 1988).

OH + C_3CBO. There are six measurements of this rate coefficient at 298 K, Norris e__ta_ (1971),

N_ki e_t a__l (1978b)0 Atkineon and Pitts (1978), Kerr and Sheppard (1981), Sms e__t a_ (1985),

and Michael et a__ (1985a). The recommended value of k(298 K) is the averase of these measurements.

Atkinson and Pitts, Semms e_t all, and Mtcheel st al measured the temperature dependence of this

rate coefficient end found it to exhibit a nesatlve ten_perature dependence. The recommended value

of E/R is the averase E/R of these studies. The A-factor has been adjusted to yield the recom-

mended value of k(298 K).

DIO.
OH + CH3OOB. The recommended value for k(298 K) is the averase of the rate coefficients measured

by Hlki e_ al (1983) and Vashjlani a_d Ravishm_kara (1989) which differ by nearly a factor of two.

Hlki s__ a_l measured the rate coefficient relative to that for OH with C2H 4 ( - 8.0 x 10 -12 cm 3

molecule -I s -I) by monltorin8 CH3OOH dlsappearenca usin 8 an FTIR system. VashJiani and

Ravlshankara monitored the disappearance of _, OD and 18C_ in excess CH3OOH in • pulsed
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DII.

D12.

D13.

photolyaia-LlF system. They measured k between 203 a_d 423 K and report a nesatlve activation

enersy with E/R - -190 K. The reaction of OE with CE3OOH occurs via abstraction of H from the

or/sen end to produce the CH300 radical and £rom the CE3 Stoup to produce the CH2OOH radical,

as orlslnally proposed by Niki a_tt al and confirmed by Va&hJiani and Ravishankara. Ca2(X)B is

unstable and falls apart to CH20 and OH within a few microseconds. Its possible reaction with

O2 is uniwportant ondor atmospheric conditions (VashJlanl and Raviahankara). The recomnanded

branchlns ratios are,

and

OH + CH30(M _ CB302 + H20 (a) 70Z

OH + CH3OOH _ CH2OOR + H20 (b) 30%,

(from VashJlanl and Ravlshankara) and are nearly independent of temperature.

OH + l_lq. This reaction is pressure dependant. The racoemanded value Is tha hish pressure ILmit

measured by Frltz et al (1984) uslns a laser photolysla-rasonanca fluorescence apparatus. Phillips

(1978) studied this reaction usln8 a dlacharsa flow apparatus at low pressures and found the rate

coefficient to have roached the hish pressure limit at ~10 tort at 298 K. Fritz _ al'a results

contradict this findtns. They a_ea with Phtllip's measured value, within a factor of two, at 7

tort but they find k to increase furthar with prassura. The products of the raaction are ur_k_.

The maasurad A-factor appaars to be low.

OH + C_3CN. This rate coefficient has been smasured as a function of tec_perature by Harris et a__11

(1981) between 298 and 424 K, Kurylo and Knable (1984) between 250 and 363 K, and Rhasa and Zellner

(private cctsmua_ication, 1987) betwean 295 and 520 K. In addition, the 298 [ value has been measured

by Zetzsch (private communication, 1987) and Fouler et al (1984a). The 298 K results of Harris

e_t a_ are in disasremnt with all other measur_Mmts and therefore have not bean included. The

recom_nded 298 }[ value is the aversse of all other studies. The temperatura dependanca was computed

uains the results of Kurylo and Knable (250-363 K) and the lower temperature values (i.e., 295-391 ]C)

of Rhasa and Zellner. Two points are worth notlrq;: (a) l_hasa and Zellner observe a curved Arrhanius

plot even in the temperature zanae of 295-520 K end therefore extrapolation of the race®mended

expression could lead to lares errors, end (b) Zetssch observed a pressure dependent increase at

k(298 K) which levels off at about I atmosphere. This observation 18 contradictory to the results

of other investisations. A complex reaction mechanism car_ot he ruled out. The products of the

reaction are umknown.

03 + C2H 2. New Entry. The data base for this reaction is not well established. Room temperature

measurements (Csdle and Schadt, 1953; D_4ora, 1969; Dd4ora, 1971; Stodman and Nlkl, 1973b; Fate

e_t a_l, 1976; and Atkinson and Ascl_ann, 1984) dies&roe by as much aa an order of masnLtude. It is

probable that secondary reactions involvin& destruction of ozone by radical products resulted in

erroneously hish values for the rate constants in sevaral of the previous measurements. The

present racommendation for k(298K) is based on the zoom temperature value of Atkinson and Ascl_ann

(1984), which is the lowest value obtained and therefore perhaps the most accurate. The temperature

dependence is estimated, based on an assumed A-factor of 1.0 x 10 -14 ore3 s-i similar to that for

the 03 + C2H 4 reaction and correspondln8 to the expected S-n_dbared rln8 structure for the

transition state (DeHore, 1969, 1971). Further studies, partlculatly of the temperature dependence,

are needed. HaJot products in the 8as phase reaction are CO, (:02, end HCOOH, and chemlcall_-

activated formic anhydride has been proposed as an intemedLate of the reaction (DeHore, 1971, and

DeHora and Lin, 1973). The anhydride intermediates In several alkyne ozonations have been Isolated

in low temperature solvent experiments (Dd4ors and Lln, 1971).
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D14.
03 + C2H 4. New Entry. The rate constant of this reaction is well established over a wide

temperature ranse, 178 to 360 K. Our reconma:datlm_ is taken from that of IUPAC (1989), which Is

based on the data of DeHore (1969), Stedman et a_ (1973), Barren and Hula (1974), Japer et al

(1974, 1976), Toby et a__1 (1978), Su et al (1980), AdenIJl e_ al (1981), Ken e__t el (1981), Atklnson

st a!l (1982), end Bahia e_t al (1984).

DI5. 03 + C3B 6. New Entry. The rate constant of this reactlc_ is well established Over the temperature

ranse 185 to 360 K. The present recommendation Is based larsaly on the data of Harron end Huie

(1974), in the temperature ranse 235-362 K. (Note that a typosraphlcal error in Table 2 of that

paper improperly lists the lowest temperature as 250 K, rather than the correct value, 235 K).

The recommended Arrhenlus expression asrees within 25% with the low tee_perature (185-195 K) data

of DeMore (1969), end Is ¢m_sistent with, h_t slishtly lower (about A0%) then the data of AdentJi

e_tt e!l (1981) In the temperature rensa 260-294 K. Room temperature measurements of Cox end Penkett

(1972), Stedmmn et al (1973), Japer e_tt al (1974, 1976), and ALklnsca_ et a_ (1982) are in seed

asraement (10% or batter) with the ¢acomnendetlon.

DI6. Ha 2 + CB20. There is sufficient evidence to sussest that Ha 2 adds to CB20 (Su st el, 1979b,c;

Veyret e__ el, 1982; Zabal st el, 1987; Barnes et el, 1985; and Veyrat et el, 1989). The recomDend_l

k298 is the w/erase of values obtained by Su _ a__ (1979c), Vayrat _ al (1982), and Veyrat st a_

(1989). The temperature dependence observed by Veyret st al (1989) is recommended. The value

reported by Barnes e__ al at 273 K is consistent with this raco_endatton. The adduct BO2"CH20

seems Lo ieomerize to HCCH200 reasonably rapidly end reversibly. There is a sreat deal of discrepancy

between measured values of the equilibrium constants for this reaction.

D17 O + HCf. This :oactton has been studied st htsh tlmperaturas, i.e., T >1000 K, because of its

importance in combustion systems, Roth e_ al (1980), Szekaly e_ al (1984), and Louse and Nansen

(1984). Davies and Thrush (1968) studied this reaction between 469 end 574 K while Parry and

Mellus (1984) studied it between 540 and 900 K. Results of Parry and Hellue are in asreement wlth

those of Davies and Thrush. Our recommendation Is based cm these two studies. This reaction has two

reaction pathways: O + BCN _ B + liED, AR= -2 kcal/mol (ks); end 0 + BCN _ CO + MB (kh), AR - -36

kcal/mol. The branching ration ka/k b for those two charmels has boon measured to be -2 at T = 860 K.

The hranchi_ ratio at lower temperatures is mlknown.

DI8

O19

O + C2H 2. The value at 298 K is an m/erase of ten measurements; Axrlngton et al (1965), Sullivan

and Warneck (1965)0 Brown and Thrush (1967), Boyarmarm et al (1967, 1969), Westenbars and debase

(1969b), James end Glass (1970), Stuhl end N/kl (1971), Wastenbers and deHaas (1977), end Aleksandrov

et al (1981). There Is reasonably good agreement amon 8 these studies. Arrinston et _ (1965)

did not observe a tlmperature dependence, an observation which was later shown to be erroneous by

Westenbar8 end deHaas (1969b). Westenbers end debase (1989b), Boys=mann et a__l (1969), end

Aleksandrov e__ al (1981) are the only authors who have measured the temperature dependence below

500 K. Waster.berg and debase observed a curVed Arrhenlus plot at higher temperature. In the tense

195-450 K, Arrheniue behavior provides en adequate deecrlptlon end the E/R ohteined by a fit of the

data from these three groups in thte temperature ranse is recommended. The A-factor was calculated

to reproduce k(298 K). This reaction can have two eete of products, i.e., C2HO + H or (382 + CO.

Under molacular beam conditions C2BO has baen shown to he tha major product. Tha study by

Alekssndrov e__ el uetns a discharge flow-resonance fluorescence method (under undefined pressure

conditions) indicates that the C2HO + H channel contrtbutae no more than 7% to the net reaction at

298 K, while a similar etudy by Vlnickier e_t al (1985) eu4_sests that both CH 2 and CH20 ara formed.

O + B2CO. The recommended values for A. E/R and k(2Q8 K) ere the avarases of those dat_mined by

Klemn (1979) usln8 flash photolysle-rasonanca fluorescence (250 to 498 K), by K1smm et a__l (1980)

using dlscharge flow-resonance fluorescence (298 bo 748 K) and Chain8 and Barker (1979) usln 8

discharge flow-mesa spectrometry (296 to 436 K). All three studies are in good asreement. The
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k(298 K) value is also consistent with the results of NtkI st a__ (1969), Harron and Penzhom

(1969), and Hack end Thrush (1973). Althoush the mechanism for O + H2CO has been considered to be

the abstraction reaction yieldin8 OH + BCO, (:hans and Barker sussest that en addition chmmal

yia]xlin8 H + BCO 2 may be occurrin& to the extent of 30I of the total reaction. This conclusion ia

based on an observation of CO2 as a product of the reaction onder conditions where reactions such

as 0 + HCO _ H + CO 2 and O + BCO _ OH + CO apparently do not occur. This interastin& suusstion

needs independent conflnastion.

D20.
0 + CH3CHO. The recc®:-ended k(298 K) is the avera&e of three measurements by Cedle end Powers

( 1967 ), Hack end Thrush ( 1974 ), end Sinslaton et al (1977), which are in seed asreement. Cadla

and Powers end Sin&lares e__t al studied this reaction as a fumction of temperature between 298 K

end 475 K end obtained vary similar Azrhenlus parameters. The recommended E/R value was obtained

by considarins both sets of data. This reaction is known to proceed via B-atom abstraction (Hack

and Thrush, 1974; Avery and Cvetanovlc, 1963; and Sin&lares et _, 1977).

D21. O + CH 3 . The rocc_e_ded k(298 K) is the wolshted averase of throe measurements by Washida end

Bayes (1976), Washida (1980), and Plumb and Rysn (1982h). The E/R value is based on the results

of Washida and Beyas (1976), who found k to be independent of tmnperature between 259 and 341 K.

D22. CH 3 + 02. This blmolecular reaction is not expected to be Important, based on the results of

Baldwin end Golden (1978a), who found k < 5 • 10 -17 cm 3 molecule -I s -I for temperatures up to

1200 K. Klals et al (1979) failed to detect OH (via CH 3 + 02 * OH20 + OH) at 368 K end placed an

upper limit of 3 x 10 -18 on3 molecule-1 s-1 for this rate coefficient. Bhaskaran e_ a_ (1979)

measured k - 1 x 10 -11 exp(-12,900/T) cm 3 molecule -1 s -1 for 1800 <T <2200 K. The latter two

studios thus support tho rosults of Baldwin and Golden. Studies by 5olzor end Bayos (1963) end

Plumb end Rysn (1982b) confirm the low value for this rate coefficient. Previous studios of

Washida end Bayes (1976) are superseded by those of Seizer and Bayes. Plumb and Ryan have placed

an upper limit of 3 x 10 -16 cm 3 molecule -I s -I based on their inability to find HCHO in their

experiments. A recent study by Zellner and Ewi 8 (1988) su&sests that this react/on is important

at combustion tanperaturas but is unimportant for the atmosphere.

D23. C2H 5 + 02 . New Entry. This recc_mandation is taken from IUPAC (1989).

D2h. CH2(_ + 02. The rate coefficiant was first measured directly by Radford (1980) by detactlns the []02

product In a laser masnetic resonance spectrometer. The wall loss of CH2OH could have introduced

a lares error In this measurement. Radford also showed that the previous measurement of Avramenko

and Kolesnikova (1961) was in error. War_ st a_ (1984) measured a value of 1.4 x 10 -12 am 3

molecule -1 s -1 by detecting the 802 product. Recently, Dabs et a_ (1985), Grothear st a_! (1985),

Payee e t a_ (1988), Grotheer at_ al (1988) end Nasbltt et a_ (1988) have measured k(298 K) to be

close to 1.0 x 10-11 am3 moizcule-1 s-1 under conditions where wall losses are small. The

recommended value is the averase of these five studies. The result of Wane e__tal (1984) has been

rejected in the face of the new evidence. This reaction appears to exhibit a vary complex tempera-

tare dependance. Based on the recent data of Grotheer at al (1988) and Nesbitt at al (1988), k

appears to increase from 200 K to approximately 250 K in an Azrhenius fashion, levels off at

approximately 300 K, decreases from 300 to 500 K, and finally increases as temperature is increased.

This complex temperature dependence is believed to be due to the formation of a C_2(OH)'O 2 adduct

which can isomerise to CH20"EO 2 or decompose to reactants. The CB20"HO 2 isomer can decompose

to CH20 and BO 2 or reform the ori81nal adduct. At temperatures less then 250 K, the data of

Nesbitt et al as&seats am E/R value of ~ 1700 K.

D25. CIt30 + 02 . The recomDe_ded value for k(298 K) Is the aversse of those reported by Lorenz

et al (1985) end Wamtuck et a_ (1987). The racommmded A-factor and E/R are those obtained

usln& the results of Gutman e._t a._l (1982), Lorenz e_ al (1985), end Wentuck e__t al (1987) in the
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temperature range 298 to 500 K. These investigators have measured k directly under pseudo-flrst

order conditions by following CH30 via laser induced fluorescence. The temperature intervals

were 413 to 608 K (by Gut_aan e_t a__1), 298 to 450 K (by Lorenz e,_t a_._1),and 298 to 973 K (by Wantuck

e_t el). Cox e._t al (1980) used an end product s:lalysis technique to measure k down to 298 X. The

previous high templratura measurements

reasonable agreement with the derived

expression. This value is consistent

upper limit measured by Senders e_ s_!l

at_n transfer reaction. The Axrhenius

reaction may be sore complicated than

HO2 and CH20, as shown by Niki e__t al

(Barker e_t a_ (1977) end Batt and Robinson (1979)), are in

expression, k(298 K) is calculated from the recommended

with the 298 K results of Cox et al (1980) end with the

(1980b). The A-factor appears to be too low for a hydrogen

plot is curved st higher t_erature (Wantuck et a!l). The

a simple abstraction. The products of this reaction are

(1981), which is consistent with a reported CH20 yield of

0.85±0.15 (Zellner, private comnunication, 1987).

D2B.
HCO + 02 . The value of k(298 K) is the average of the determinations by Washida e_t a!l (1974),

Shibuya e__t a_!l (1977), Veyret end Lesclaux (1981), end Lansford and Moore (1984). There are three

measurements of k where HCOwas monitored via the intracavity dye laser absorption technique (Reilly

e__t a__l (1978), Nadtochenko e_t a__l (1979), end Gill 9_ s__l (1981)). Even though there is excellent

agreement between these tbxae studies, they yield consistently lower values than those obtained by

other techniques. There are several possible reasons for this discrepancy: (a) The relationship

between HCO concentration end laser attenuation might not be linear, (h) there could have been

depletion of 02 in the static systems that were used (as suggested by Veyret and Lesclaux), end

(c) these experiments were designed more for the study of photochemistry then kinetics. Therefore,

these values are not included in obtaining the raccumendad value. The recomnended temperature

depe_dence is easentlally identical to that measured by Veyret end Lesclaux. We have expressed

the temperature dependence in an Arrhenlus form even though the authors preferred a T n form

(k - 5.5 x 10 -II T -(0"a±0"S) cm 3 molecule -I s-I).

D27.
CH 3 + 03 . The receded A-factor and E/R are those obtained from the results of Ogryzlo e_t al

(1981). The results of Simonaitis end Beicklen (1975), based on an analysis of a co,_lex system,

are not used. Washida e._t al (1980b) used O + C2H 4 as the source of CH 3. Recent results (Buss

et al (1981), Kleine_a_ns end Lontz (1981), Hunziker eta_ (1981), end Inoue end Akimoto (1981))

have shown the 0 + C2H , reaction to be a poor source of CH 3. Therefore, the results of Washida

e_t si are also not used.

D28. CH302 + O3. There are no direct studies of this reaction. The quoted upper limit is based on

indirect evidence obtained by Simonaitls and Heicklen (1975).

D29. CH302 + CH302. This reaction has been studied at 298 K by Hochanadel e_t s__I 41977), Parkas (1977),

Anastasl e_tal (1978), Ken e__ta! (1979), Sar.hueza e_al (1979), Cox and Tyndall (1980), Sender and

Watson (1981c), Jenkln e__t a._ (1988), blcAdam etal (1987), Kurylo and Wellington (1987), Lishtfoot

e__ta_!l (1989a), and Basco and Parmar (1985). All the above determinations used ultrsvioletabsorptlon

techniques to monitor CH302 and hence measured k/c, where o is the absorption cross section for

CH302 at the monitored wavelength. Therefore, the derived value of k critically depends o_ the

value of o used. Currently, even though there is seed agreement between the measured values of

k/o, there are large discrepancies (approximately a factor of 2) between the values of o measured

by Hochenadel e_t al, Parkas, Sander end Watson, Adachi et al (1980), McAdam e_t al (1987), and

Kurylo e tt a__ (1987a). To obtain the recoemended k value at 298 K, en average value of o at 250 nm,

S.? x 10 "18 cm 2, was chosen. Uslns this value of o and the welshted average value of k/o st 250nm

measured by Cox end Tyndall, Jenkin e__t a__ (1988), Sander and Watson, t4c Adams e_t a_!_, Kurylo and

Wallin_ton, and Liahtfoot e__t a_! (1989), the value of k(298 K) was derived. The recommended temper-

ature dependence is that measured by Sander and Watson (1981c), Kurylo and Wallinston (1987), end

Lightfoot e_t a__ at temperatures between 228 and 420 K, using a value of o independent of T. It is

not clear whether the above procsdure of recalculating k using an average value of o is valid.
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Therefore, the error limits have been increased to encompass the values of k calculated by various

authors. This reaction has four possible sets of product,s, i.e.,

2CH30 + 02 k a ; ka/k - 0.35 at 298 K

CH302 + CH302 _ C520 + CH3OE + 02 k b ; kb/k - 0.55 at 298 K

CH3OOCH 3 + 02 k c ; kc/k - 0.1O at 298 K

CH3OOH + CH202 kd ; kd/k w 0.09 at 298 K

D30.

D31.

FTIR studies by Ken et j_ (1980) and Nikl et al (1981) are in rmasomeble sorest on branchins

ratlos st 298 K; ka/k - O. 35, kb/k - O. 55. The recent, study of Lishtfoot, et al also yields ka/k

= 0.35 at 298 K. These authors see a lares decrease of ko/k with decreuinS t,emperat,ure. Chromo1

(d) was susaosted by Nansla and Benson (1980), but there is no axperla, mtal data to aussost its

occure_co. Because of the exlst,ence of multiple pathways, the temperature dependence of k may be

complex. Furt,her work is required on both the temperat,ure dependence and the variat,iou of bra_chins

ratios with temperat,ure. It should be not,ed that the knowledse of the branchinK ratio is needed

t,o correct, the measured value of k and t,he above branchlns ratios have boon used in obtalnln8 the

race-mended value.

C_O 2 + NO. The value of k(298 K) is the avaraso of those detozmLned by Sander and Watson (1990),

Ravishankara et a_! (1981a), Cox and Tyndall (1980), Plumb st al (1981), Simonaltis end Holcklen

(1981) and Zellnar st al (1986). Values lower by more than a factor of two have been reported by

Adachi and Basco (1979) and Simonait,is a_d Heicklon (1979). The former direct st,udy was probably

in error because of Int,erference by CH3OHO formation. The results of Simonaltls and Holcklon

(1979) and Plumb st al (1979) are assumed to be superseded by their more recent, values. Ravlshankara

et al (1981a) and S/monaitis and Hotcklen (1981) have measured the t,emporat,ure dependance of k

over limlt,ed t,emparat,ure tenses. The reconmxmded A-factor and E/R were obt,ained by a least, squares

analysls of the data from the two studios. The value of k(218 K) obtained by Simonalt,is and Holcklon

(1981) is not, included; however, the lares error hounds allow the calculated value of k at 218 K

t,o overlap that, measured by Slmonaitis and Heicklan. Ravishankara e tal (1981a) find that the

reaction chamlel leedins t,o He 2 account,s for at least 8OZ of t,he reaction. Zollnor st el (1986)

have measured the yield of CB30 to be 1.0i0.2. These results, in conjunction with the indirect

evidence obtained by Pate e tal (1974), confirm that NO2 format,ion is the major, if not; the only,

react,ion path.

CH302 + He 2. The rate coefficient at 298 K has been measured by Cox and Tyndall (1979, lga0),

Hoortsat e t 81 (1986), HcAdam st a__ (1987), Kurylo e_t al (1987b), Oenkin st al (1988), and Lisht,foot

el; a_l (1989b). In all the studies, except, that of Jenkin el; a_l, both _0 z and _Z have been

m_nitored via UV obsorptiou. Jenkin el; al used IR absorpt,ion of B02 and UV absorption of CH302 to

obt,ain the rat,e const,ant. Because of overlappin8 absorpt,lon spectra of CH302 and HO2 and the

unavoidable occurrence of the CH302 + CH302 and He 2 + He 2 reactions alone with t,he CH302 + []02

reaction, the extract,Ion of t,he rate coefficient, requires modolltn8 of the syst,em and reliance on the

the UV cross sect,lens of both CH302 and HO 2. The asroemont bet,wean t,he values of k obtained by

all these sroups is not very seed. Part, of t,he differences are definitely due to different values

of the UV cross sections used in various studios. Contributions from secondary react,ions may also be

part,ly responsible for the differences. Unfortunately, it is not feasible to correct the report,ed

values to a comnon sot, of cross sections. Therefore, the oversee of values from Cox and Tyndall,

Heart,sat st el, Kurylo and Wallinston, Jenkin el; el, and Lisht,foot, el; a_ll are used to obtain the

recommended value. The results of McAdam el; a__ are believed to be in error duo t,o an irmt,romental

problem (Lisht,foot, el; el, 1989b) and are hence not included. Cox and Tyndall, Daaaut el; al (1988a),
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and T.ishtfoot e_t a.._l, have measured the temperature dependence of this rate coefficient. The

recommended E/R was obtained by plottln8 in (k(T)/k298) vs I/T from these studies. This method

looks for only the E/R value in each data sat. The A factor was calculated to reproduce k298. The

studies by the above Stoups have indicated that this reaction Is not affected by pressure or nature

of the buffer _as.

The products of this reaction were believed to be only CE3OOB + 02 . However, the recent work of

Jenkin e__ta_1 suEsests a substential fraction of the reaction may yield H20 + CH20 + 02 . The lower

value of k measured by monitorin8 CH3OOH formation by Moortgat et a__1 and Ken e__t a._l (1980) is

consistent with the occurrence of the second channel end the lower value of k measured when CH3OOH

product yield Is monitored. Further work on measurement of k without reliance on UV absorption

cross sections end hrenching ratios are needed.

D32. C2H502 + C2H502. New Entry. The recomM_ded value of k(298 K) was derived from the studies of

Adachi e tt 41 (1979), Anastasi e_t al (1979). Hunk e__t a_l (1986), Cattell et a_l (1986), Anastast e__t e_ll

(1987), end Walllnst_n _ al (1988). All the above determinations used en ultraviolet absorption

technique to monitor C2H502 end hence measured k/_, where a Is the absorption cross section of

C2H502 at the monitorlns wevelensth. These Investlsators also measured the o that was used in

evaluatin8 the rate coefficient. There are larse discrepancies between the measured values of _ by

the above authors, For this evaluation, we have used t.he reported value of k rather than evaluatin8

a mean value of k/o and then convertin8 it to k, usin_ a preferred value of o. In all these experiments

the observed rata coefficient is hIsher than the true rate coefficient because of secondary reactions

Involvlns _O 2. He 2 is formed by the reaction of C2H50 with 02, end reacts wlth C2H502 to enhance

the observed rate coefficient (see Walllngton et al for further discussion). Based on product

branchin8 ratios discussed below, which determine the megnitude of the necessary correction, the

recommended rate coefficient is 0.6 times the averasa observed rate coefficient. The recoeDended

value of E/R was obtained from the results of Adachl e._t el, Anastasl et el, and Walllnston e._t el.

Nlkl et al (1982) have measured the end products of this reaction In air. The observed products

susgest that at 298 K the channel to yield 2 C2H50 + 02 accounts for more then 50Z of the reaction;

the channel t.o yield CH3Cn0 + C2HsOH + 02 acco_te for more t_an 39Z of the reaction; end the chaztnel

to yield C2HsO2C2H 5 ÷ 02 accounts for less than 9Z of the reaction. These branchin8 ratios tmre used

above to obtain the true rata coefficient from the observed rate coefficient.

D33.
C2H502 + NO. New Entry. The recommended value Is that reported by Plumb st a__l (1982). The value

reported by Adachi and Basco (1979), which is a factor of three lower then the Plumb et al value,

was not included. The rata coefficient for the CH302 + NO reaction measured by Basco's Stoup, usln8

the same apparatus, is much lower than the value recomaended here. The temperature dependence of the

C2H502 + NO rate coefficient has not been measured. However, by enalosy with the CH302 + NO

reaction, the expected value of E/R is near zero, with a small nesatlva value bein8 tlkely.

D34. c2n5o2 + .0 2. ._ E.try. The reco._nd_ vain. is the average of thee. measured by Cattell st
(1986) end Dasaut et al (1988h). In both experiments the rate coefficient was obtained by modellns

the reaction system. Also, the calculated rate coefficients depended on the UV absorption cross

sections of both C2H502 end Be 2. As mentioned earlier, the absorption cross section of C2H502 is

not well-defined. The agreement between the two studies, however, is reasonable. The recommended

E/R is that measured by Dasaut st el.

D35.
1_03 + CO. The upper limit is based on the results of Ridley end HcFarland (private ccmmmicat_on,

1984) and Hjo_th st. a_!l (1986). Ridley end HcFar_and astimeted an upper limit of 1 x 10 -20 cm 3

molecule -I s -I based on their measurements of NO 3 loss in excess CO. _orth at a__1obtained en upper

limit of 4 x 10 -19 cm 3 molecule -1 s -1 based on an FTIR enalysie of isotoplcally labeled CO loss

in the presence of NO 3. Burrows st all (1985b) obtained an upper limit of 4 x 10 -16 cm 3 molecule -I

s -1, which is consistent wlth the other two studies. Products are expected to be NO 2 + CO2"
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D36.
NO 3 + CH20. There a_s throe measuroment_ of this rate coefficient st 298 K, At, klnson e_ al

(1984a), Cantrell o_t all (1985), and BJorth st a_ (1988). The value reported by Atkinson e__ a_l

(1984a), k - (3.23+0.26) x 10 -16 cm 3 molecule -1 s -1, is corrected to 5.8 x 10 -16 cm 3

molecule "1 s -1 to account for the different value of the equilibrium constant for the NO 3 +

NO 2 = N205 rssction that was mssured subsequent to this study by the sims Stoup usln8 the same

apparatus. This correction is in accordmca with their su88ostion (Tuazon et el, 1984). The

value reported by Cantrsll et p__, and Hjorth st el, k - 6.3 x 10 -16 am 3 molecule -1 s -1 and

(5.4_1.1) x 10 -16 cm 3 molsculo -1 s -1, respectively, are in seed asroement with the corrected

value of Atkinson it al The recouualded value is the averase of those throe studios. Cantrell st

al have seed evidence to sussoat that HNO 3 and C90 are the products of this reaction. The ten_ra-

ture dependence of this rate coefficient is un_.

D37.
NO 3 + CH3C_. There are four measurements of this rate constant, Harris end Niki (1974), Atklnson

st al (1984a), Cant_cell st al (1986), Dlusokoncky end Howard (1989). The value reported by Atklnson

st al (1984a), k - (1.34±0.28) x 10 -15 cm 3 molecule -I s -I, is corrected to 2.4 • 10 -15 cm 3

molecule -1 s -I as discussed for the I#O 3 + B2CO reaction above and as suSaested by Tuazon st al

(1984). The recoo_ended value is the averase of the values obtained by atklnson et al (2.4 • 10 -15
3

cm molecule -I s-I), Cast, ell o_t al (2.1 • 10 -15 cm 3 molecule -I s-1), end Dlusokencky end

Howard (2.74 • 10 -15 am 3 molecule -1 e-l). The results of Harris and Nlki aq_roe with the

recommended value when their orlsinel data is re-analyzed usln& the currently receded value

for the equilibrium constant for the reaction NO 2 + NO3 : N205 as shown by Dlusokencky and Boward.

Dlusokencky and Boward have studied the tmrature dependence of this reaction. Their measured

value of E/R is race-mended. The A-factor has been calculated to yield k(298) roccame_ded here.

Harris and Nik£, end Cantrall st al observed the formation of HNO 3 and PAN in their studies, which

stronsly sue&oats that HNO3 and CB3CO are the products of this reaction.

El.
C1 + 03. The results reported for k(298 K) by Watson e__t al (1976), Zakmieor st al (1976), Kurylo

end Braun (1976) and Clyna and Nip (1976a) are in seed asroemont, end have been used to dateline

the preferred value at this temperature. The values reported by Leu and DeHore (1976) (due to the

wldo error limits) and Clyne end Watson (Ig74a) (the value is inexplicably hish) are not considered.

Ths four Arrhenlus exprosslons are in falr ssroement within the temperature rsnss 205-300 K. In

this t_erature rases , the rate constants at any particular temperature asroo to within 30-40:1[.

Althoush the values of the activation enarsy obtained by Watson st al end Kurylo end Braun are in

excellent aSrsement, the value of k In the study of Kurylo and Braun is consistently (~17Z) lower

than that of Watson et a._ This may suasost a systlmatic underestimate of the rate constant, as

the values from the other three a&ree so well at 298 K. A more disturbtn 8 difference is the scatter

in the values reported for the activation enerSy (338-831 cal/mol). However, there is no reason

to prefer any one set of data to any other; therefore, the preferred Azrhenius expression shown

above was obtained by computlns the mean of the four results between 205 end 298 K. Inclusion

of hishet temperature (_; 466 K) oxper_ntal data _uld yield the followins Arrhenius oxp_assion:

k - (3.4±1.0) • 10 -11 exp(-310±76/T). Results of a now study by Nlcovich o_t a__ (1989) show non-

Arrhenius behavior over the temperature tense 189-385 K. The now results are in seed sareement

with the present recoa_Dendation above about 250 K, but at lower temperatures they are faster than

the recommendation althoush still within its stated uncertainty down to about 220 K.

Vendorzanden end Blrks (1982) have interpreted their observation of oxYsen atoms in this system as

evidence for some production (0.1-0.SZ) of 02 (_:) in this

_s

reaction. The possible production

of sinslet molecular oxySen in this reaction has also boon discussed by DeHoro (1981), in co_noction

with the CI_ photosensitised docoo_position of aeons. However Choo end Leu (1985) were unable to

detect 02(_) or O2(1A) in the Cl + 03 system and sot upper limits to the branchln8 ratios for

their production of 5 • i0 _4 end 2.5 • 10 -2, respectively. They sussestod t_o possible mechanisms

for the observed production of oxysen atoms, involvins reactions of vibrationslly excited CIO radicals

with 03 or with Ca atoms, raspactlvely. Burkholdsr o__t al (1989) in s study of infrared line
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intensities of the C10 radical present evidence in support of the second mechanism. In their

experiments with excess C1 atoms, the vibratica_ally excited C1D radicals produced in the C1 + 03

reaction can react, with C1 atoms to give C12 and oxysen atoms which can then remove additional C10

radicals. These authors point out the poselbillty for systematic error from assuming a 1:1

etoichiometry foe [CI0]:(O3] 0 when usln8 the C1 ÷ 03 reaction as a quantitative source of ClO

radicals for kinetic grad spectroscopic studies,

E2. C1 + H2. This Arrhenlus expresalou is based cu the data below 300 K reported by Watson e_t a__l

(1975), Lee e_ al (1977), Miller and Gordon (1981), and Kite and Stodman (1982). The results of

these studies are in excellent agreement below 300 K; the date at htsher temperatures are in somewhat

poorer aerewaent, The results of Watson et el, Miller and Gordon, and Kite and Stack,an saree

well (after extrapolatlcsl) with the results of Beneon o__t al (1969) and Steiner and Rideal (1939)

st hi_her temperatures. For a diecusslon of the larse body of rate data at high teu_)eratures see

the review by Baulch _ al (1900). Miller and Gordon stud Kite and Stedman also measured the rate

of the reverse reaction, and found the ratio to be in seed 8Sreanant with equilibrium constant data.

E3. Cl + CH 4. The values reported from the thirteen absolute rate coefficient studies for k at 298 K

fall in the fanes (0.99 to 1.40) x 10 -13, with a mean value of 1.15 x 10 -13. However, based

upon the stated confidence limits reported in each study, the ranse of values far exceeds that to

be expected. A preferred averaee value of 1.0 x 10 -13 can be determined from the absolute rate

coefficient studies for k at 298 K by Slvln8 equal weight to the values reported in Lin e__t a__1

(1978a), Watson et el (1976), Monnlns and Kurylo (1977), Whytock et el (1977), Zahnlser et el

(1970), Michael and Lea (1977), Keyeer (1978), and Ravlshankara and Wine (1980). The values derived

for k at 298 K from the comDetltive chlorination etudles of Prltchard et al (1954)0 Knox (1955),

Prltchard e._t al (1955), Knox and Nelson (1959), and Lin st a__1 (1970a) ranee from (0.95-1.13) x

10 -13, with an average value of 1.02 x 10 -13 . The preferred value of 1.0 x 10 -13 was obtained

by taklng a man value from the "met reliable absolute and relative rate coefficient studies.

There have bean nine absolute studies of the temperature dependance of k. In seneral the agreement

between moat of theme studies can be considered to he quite seed. However, for a meaninsful analyele

of the reported studies it is beet to discuss them in tome of two distinct temperature resions ,

(a) below 300 K, and (b) above 300 K. Three resonance fluorescence studies have beam performed

over the temperature r_e -200-500 K (Whytock et al (1977), Zahntser e_tt a_ (1978) and Keyeer

(1978)) and in each case a strong nonlinear Arrhenlua behavior was observed. Ravlshankara and

Wine (1900) also noted nonlinear Arrhenlua behavior over • more limited temperature ranee. This

behavior tends to exp1aln partlally the lares variance In the values of E/R reported between those

other investlsatore who predominantly studied this reaction below 300 K (Watson e_t al (1976) end

He,nAn8 and Kurylo (1977)) and those who only studied it above 300 K (Clyne and Walker (1973). Poulet

e__t a_!l (1974), and Lin e_ al (1978a)). The agreemmt between all studies below 300 K is seed, with

values of (a) E/R tin, sins from 1229-1320 K, and (b) k(230 K) ransins from (2.04-3.32) x 10 -14 .

The mean of the two diecharse flow values (Zahnleor et a_l (1978) end Keyeer (1978)) is 2.67 x 10 -14,

while the mean of the four flash photolysls values (Watson e_ a_l (1976), Marmlns and Kurylo (1977),

Whytock e__t al (1977), and Ravlehankara and Wine (1980)) is 3.22 x 10 -14 st 230 K. There have not

been any absolute studies at stratospheric temperatures other than those which utilized the resonance

fluorescence technique. Ravtehankara and Wine (1980) have au88eeted that the results obtained

uein s the dlecharse flow and competitive chlorination techniques may be in error at the lower

(<240 K) due to a non-equillbratlon of the 2PI/2 and 2P3/2 states oft emperaturee atxxnl c chlorine.

Ravishankare and Wlne observed that at temperatures below 240 K the apparent blmolocular rate

constant was dependant upon the ch(mnlcal composition of the reaction mixture; i.e., if the mixture

did not contain an officlent spin equilibrator, o. s. Ar or CCI 4, the hi-_lecular rate constant

decreased at high CH 4 concentrations. The chemical coerpoaition in each of the flash photolyeis

studies contained an efficient spin equilibrator, whereas this was not the case in the diecharse

flow studios. However, the reactor walls in the diecharso flow studies could have bean expected
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E4.

ES.

to have acted as an efficient spin *quilibrator. Consequently, u_til the hypothesis of Ravishankara

and Wine is proven it is assumed that the discharge flow and competitive chlorination results are

reliable.

Above 300 K the three resonance fluorescence studies reported (a) "averaged" values of E/R rennin8

from 1530-1623 K, and (b) values for k(500 K) rensins from (7.74-8.76) x 10 -13 . Three mass

spectrometric studies have bem_ perfomed above 300 K with E/R values rangins from 1409-1790 K.

The data of Poulet et el (1974) are sparse and scattered, that of Clyne and Walker (1973) show

too strong a temperature dependence (compared to all other absolute and competitive studies) end

k(298 K) is -201 hisher then the preferred value at 298 K, while that of Linet al (1978a) is in

fair agreement with the resonance fluorescence results.

In conclusion, it should be stated that the best values of k from the absolute studies, both above

and below 300 K, are obtained from the resonance fluorescence studies. The competitive chlorination

results differ from those obtained from the absolute studies in that linear Arrhenius behavior is

observed. This difference is the major discrepancy between the two types of experiments. The

values of E/R tense from 1503 to 1530 K, and k(230 K) from (2.11-2.5a) x I0 -Is with a mean value

of 2.27 • 10 -14 . It can be soon from the above discussion that the average values at 230 K are:

3.19 • 10 -14 (flash photolysis), 2.67 • I0 "1. (discharge flow) and 2.27 • 10 -14 (competitive

chlorination). These dlfferances increase at lower temperatures. Until the hypothesis of

Ravishankara end Wine (1980) is re-examined, the preferred Arrhaniua expression attmrpts to best

fit the results obtained between 200 and 300 K from all sources. The averase value of k at 298 K

is 1.04 • I0 -13, and at 230 K As 2.71 • 10 -14 (this is a simple mean of the three average values).

The preferred Arrhenius expression yields values similar to those obtained in the discharse flow-

resonance fluorescence studies. If only flash photolysis-resonance fluorescance results are used

then an alternate expression of 6.4 x 10 -12 (exp(-1200/T)) can be obtained (k(298 K) = 1.07 x i0 -13,

and k(230 K) m 3.19 • 10-14).

A study (Heneshan et al (1981)) uslns very low pressure reactor techniques reports results from

233 to 338 K in oxcellant asreement with the other recent measuresMmts. They account for the

curvature in the Arrhenius plot at hlaher temperatures by transition state theory. Measured

equilibrium constants are used to derive a value of the heat of formation of the methyl radical at

298 K of 35.1+0.1 kcal/mol. The result of a similar study (Dobls and Benson (1987)) at room

temperature is in excellent agreement with the recommended value.

Cl + C2H 8. The absolute rate coefficients reported In all four studies (Davis e t a__ (1970),

Mannins end Kurylo (1977), Lewis et al (1980), and Ray e t a_ (1980)) are In seed asreement at

298 K. The value reported by Davis st a__ was probably overestimated by ~IOX (the authors assumed

that If was proportional to [CI] 0"9, whereas • linear relationship between If and [CI] probably

held under their experimental conditions). The preferred value at 298 K was takan to be a simple

mean of the four values (the value reported by Davis e tal was reduced by 10Z), i.e., 5.7 • 10 -11 .

The two values reported for E/R are in 8ood asreamant; E/R = 61 K (Moraine and Kurylo) and E/R -

130 K (Lewis at a l). A simple least squares fit to all the data would onfairly weisht the data

of Lewis et a l due to the larser temperature ranse covered. Therefore, the preferred value of

7.7 x 10 -11 exp(-90/T) is an expression which best fits the data of Lewis e__t a!l and Hamnlns and

Kurylo between 220 and 350 K.

C1 + C3H 8. This recommendation is based on results over the temperature raise 220-607 K reported

in the recent discharge flow-resonance fluorescence study of Lewis et al (1980). These results

are consistent with those obtained in the competitive chlorination studies of Pritchard et el

(1955), Knox end Nelson (1959), Atkinson end Aschmann (1985), and Wallinstun st el (1988).
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E6. C1 + CH3C_. This recommendation is based on the 200-500 K results of Michael e._tt el (1979b) by the

flash photolysis-resonance technique and the 298 K results of Payne e__t al (1987) by the discharge

flow-mess spectrometry technique. Product analysis and isotopic substitution have established that

the reaction mechanism consists of abstraction of a hydrosen atom from the _thyl sroup rather than

from the hydroxyl Stoup. See Radford (1980), Radford et a._1 (1981), Msler et al (1984), end

Payne e__t a!l (1987). This reaction has been used as a source of CH2OH and as a source of Be 2 by

the reaction of CH20H with 02. The results obtained in the competitive chlorination study of

Wallinst_n e__ el (1988) are couststent with the reccmmendstion.

ET. C1 + CB3C1. The results reported by Clyne and Walker (1973) and H_ns and Kurylo (1977) are in

8ood asreement at 298 K. Bowever, the value of the activation aner_ measured by Mannins and

Kurylo is sisnlflcently lower than that measured by Clyne end Walker. Both 6roups of workers

measured the rate constant for the CI + CH4 end, similarly, the activation energy measured by

Mannins and Kurylo was sisnificantly l_wer thlm that measured by Clyne and Walker. It is suuested

that the discharse flow-mess spectrometric technique was in this case subject to a systematic

error, and it is recomaanded that the flesh photolysis results be used for stratospheric calculetic_s

in the 200-300 K temperature ran&e (see discussion of the C1 + CH4 studies). In the discussion of

the Cl + CH4 reaction it was sue&eared that some of the apparent discrepancy between the results

of Clyne end Walker and the flesh photolysis studies can be explained by nonlinear Arrhentus behavior.

However, it is less likely that this can be invoked for this reaction as the pre-exponentiel A-

factor (as measured /n the flash photolysis studies) is already -3.5 x 10 -11 and the sisnificsnt

curvature which would ha required in the Arrhenius plot to make the data compatible would result

in an unreasonably hish value for A (>2 x 10-10).

ES. Cl + C_3CN. The recoemeudation accepts the upper limit at room temperature reported by Kurylo and

Knable (1984) usin8 flash photolysis-rosonance fluorescence. Poulet st al (1984a) used discharSe

flow-mess spectrometry end reported the expression k - 3.5 • 10 -11 oxp(-2785/T) over the temperature

tense 476-723 K. The7 also reported a room _rature value of 9 • 10 -15 , which is • factor of

3 &rearer then that calculated from their expression. It appears likely that their ro_m temperature

observations were serenely influenced by heteroseneous processes. It should be noted that their

extrapolated ronm tlmperature value is approximately equal to Kurylo end Kn-hls's upper limit.

Olhrests et al (1984) reported values near 400 K that aq_ree wlth results of Poulet st al

Eg. Cl + CB3CC13. There has beon only one study of thls rate, that by Wine st al (1982), uslns •

laser flash photolysis-resonance fluorescence technique. It was concluded that the presence of a

reactive impurity accounted for a etsnlficont fraction of the Cl removal, and therefore only _r

limits to the rate were reported for the temperature ranse 259-358 K. This reaction is too slow

to be of amy Importance in atmospheric chemistry.

El0. Cl + H2CO. The results from five of the six published studies (Michael st el (1979a), Anderson

and Kurylo (1979), Nlki e t al (1978a), Fasano and Nosar (1981) end Poulet et al (1981)) are 2n

seed aSreement at -298 K, but -50Z steerer than the value reported by Form st a_ (1979). The

preferred value at 298 K was obtained by combinins the absolute values reported by Michael et el,

Anderson and Kurylo, and Fasano and Nosar, with the values obtained by combLnin_ the ratio of

k(Cl + H2CO)/k(CI + C2B 6) reported by Niki 9t a_J: (1.3_0.1) and by Poulet st al (1.16i0.12)

with the preferred value of 5.7 x 10 -11 for k(C1 + C2H 6) at 298 K. The preferred value of E/R was

obtained from a least squares fit to all the data reported in Michael et a__l and in Anderson end

Kurylo. The A-factor was adjusted to 71eld the preferred value at 298 K.

El1. Cl + [[202 . The absolute rate coefficients determined at -298 K b_ Watson et el (1976), Leu end

DeMote (1976), Michael st el (1977), Poulet e_t a_11(1978a) and Keyser (1980a) tense in value f_

(3.6-6.2) • 10 -13. The studies of Michael et el, Keyser, end Poulet st el are presently considered

to be the most reliable. The preferred value for the Arrhenlus expression is taken to be that
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reported by Keysar. The A-factor reported by Michael st al is considerably lower than that expected

from thooratlcal considerations and may posslbly be attributed to decomposition of H202 at tempera-

tures above 300 K. The data of Michael et al at and below 300 K are in good agreement with the

Arrhenlus expression reported by Keysar. More date are required before the Arrhenlus parameters

can be considered to be well established. Heneshan and Benson (1983), usin8 mesa spectrometry,

confirmed t_at this reaction proceeds only by the abstraction mechmllsm slvin8 HCf and HO2 as

products.

El2. C1 + HOCI. This recommandatlon is based on results over the temperature range 243-365 K usln8 the

discharge flow-mess spectrometrlc technique in the only reported stud7 of this rata, Cook _ al

(lg81a). Ennis a_d Birks (1985) have measured the product distribution in a discharsa flow-mass

spectrometric system and foond that the major reaction channel is that to Siva the products C12 + OH

with a yield of 91+6%.

E13. CI + H_O 3. The racosmanded upper limit at room tsmperature is that reported in the recant study of

Wine et a_ (1988), in _/lich lens path laser absorption spectroscopy was used to look for the

appearance of NO 3 followins the pulsed laser l_hotolysis of C12-HNO 3 mixtures and no evidence for NO3

production was observed. In the same study a loss sensitive upper limit was derived from umltorln8

C1 atom decay by resonance fluorescence. A less aansltlva upper lJ_Lt was also found in the recent

dlscharse flow-EPR study of Zaso$immi et al (1987). Hishar values obtained in earlier studies (Leu

and DeMote (1976), KurylO i._ el (1983b), end Clark et a_ (1982)) as well as the hisher t_,porature

results of Poulet _t a__ (1978a) are not used.

E14.

E15.

C1 + BO 2. The recommandatlons for the two reactlon charnels are baaed upo_ the results by Lea end

Howard (1982) usin8 a dlscharsa flow system with laser meSnetic resonance detection of BO 2, O_ end

C10. The total rate cormtant is tmratura independent with a value of (4.2_0.7) x l0 -11 cm 3

molecule "I a -I over the tamperatura tense 250-420 K. This value for the total rate constant is

in aSreemant with the results of indirect studies relative to C1 + H202 (Leu and DeMote (1976),

Poulet et a_l (1978a), Burrows e__ _ (1979)) or to C1 + H 2 (Cox (1980)). The contribution of the

reaction charnel pruducLn8 OR + C10 (21% at room tanperatur,) is much hi&her than the upper Limit

reported by Burrow6 _ a__l (1l of total reaction), Cattail and Cox (1986) ua£_ a molecular modula-

tion-UV absorption technique over the pressure r_a 50-780 tort report results in seed _reement

with t_hose of Lee and Boward both for the overall rate constant and for the relative contribution

of the two reaction channels. The rate constant for the channel producir_ C10 + C_ can be combined

with that for the reaction CIO + OH > C1 + He 2 to siva an equilibrium constant from which a value

of the heat of formation of _O 2 at 298 K of 3.0 kcal/mol can be derived.

C1 + C120. The preferred value was determined from two independtnt absolute rate coefficient

studies reported by Ray _ al (1980), usins the diacharse flow-resonance fluorescence and discharso

flow-mess spectrometric techniques. This value has bem_ confirmed by BurrOWs end Cox (1981) who

determined the ratio k(Cl + C120)/k(Cl + H 2) - 6900 in modulated photolysis experiments. The

earlier value reported by Basco and Do8ra (1971a) has been rejected. The ArrhanLus par0moters have

not bean axperlw4ntally determined; however, the hlsh value of k at 298 K precludes a substantial

positive activation anersy.

E16.

E17,

CI + OC10. The recant data of Tooboy (1988) are in seed a&reemant with the results of Beard e__t al

(1973) at room temperature, and the recomnended value at room temperature is the mean of the values

reported in these two studies. The 811sht nesatlve temperature dependance reported by Toohey

(1988) is accepted but with error limits that encompass the temperature independence reported in

the earlier study.

C1 + CIOO. Values of 1.56 x 10 -10, 9.8 x 10 -11, end 1.67 x 10 -10 have been reported for ka(C1 +

CIOO _ C12 + 02 ) by Johnston e__ a__l (1969), Cox et al (1979), end Ashford et al (1978), respec-
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tively. Values of 108, 20.9, 17, and 15 have been reported for ka(Cl + CIOO _ C12 + O2)/k(Cl +

C1OO _ 2 C10) by Johnston e.t a__, Cox e__t a._l, Ashford at _, and Nicholas and Norrish (1968).

Obviously the value of 108 by Johnston eft a__ is not consistent with the others, and the preferred

value of 17.8 was obtained by averaaln8 the other three values (this is in agreQment with a value

that can be derived from a study by Porter and Wriaht 41953)). The absolute values of k e and k b
o o

are dependent upon the choice of AHf (CIO0) (the values of AHf (CIOO) reported by Cox et al

and Ashford et a_l are in excellent aareement, i.e. 22.7 and 22.5 kcal/mol, respectively). The

preferred value of k_(Cl + CIOO _ Cl, + 02 ) is taken to be the averaae of the three reported values,

i.e. 1.4 x 10 -10 cm3_molacule -1 s'1. _ Consequently, the preferred value of kb(Cl + CI00 _ 2 CIO)

is ks/17.6, i.e. 8.0 x 10 -12 am 3 molecule -I s -I The E/R values are estimated to be zero, which

is consistent with other experimentally determined E/R values for atom-radical reactions.

E18.
CI + C1202. New Entry. The recoa_anded value is that determined by Friedl (private communication,

1969) in a study usin8 a DF-_ technique. It is in aareement with the value reported by Cox and

Hayman (1988) in a study usin8 a static photolysls technique with photodiode array UV spectroscopy.

El9. C1 + C1_O 2. Flash photolysis/rasonance fluorescence studies by Harsitan (1983a) and by Kurylo

at al (1983a), which are in seed ssreement, show that the rata constant for this reactio_ is

almost two orders of maanltude faster than that indicated by the previous work of Kurylo and Manning

(1977) and Ravlshankara et a l (1977b). It is probable that the slower reaction observed by Kurylo

and HannlnK was actually O + CINO3, not C1 + CINO 3. The preferred value averages the results of

the two new studies.

E20. C1 + NO3. The recommended value at room temperature is based on the recent diecharse flow-EPR

study of Melloukl vt a_ (1987). The results of this direct absolute rate study are preferred over

results of the earlier relative rate studies of Cox at a! (1984a), Burrows st a_l (1985b), and Cox

e_t al 41987), in all of which NO 3 was monitored in the photolysis of C12-C1(MO2-N 2 mixtures.

Complications in the chsmlatry of the earlier systems probably contributed to the spread in

reported values. This radical-radical reaction is expected to have nesligible temperature

dependence, which is consistent with the results from the study of Cox at a_l (1987) in which the

complications must hays been temperature-independent.

E21.
C1 + N20. This rate coefficent has bean determined in a study oft he halogen-catalyzed decomposition

of nitrous oxide at about 1000 K by Kauf_an a__t al (1956). The larsezt value reported was 10 -17 cm 3

molecule -1 s -1, with an activation energy of 34 kcal/mol. Extrapolation of these results to low

temperature shows that this reaction cannot be of any slsnlflcance in atmospheric chemistry.

E22, C1 + C1NO. Recant studies have sisnificantly improved the data base for this rate constant. The

dtscharse flow-resonance fluorescence study of Abbatt s_t el (1989) provides the first reliable

data on the temperature dependance. The laser photolysis-lRR study of Chasovnlkov et al (1987)

provides rate data for each CI atom spin state, and they attribute the low value reported by

Nelson and Johnston (1981) in a laser flash photolysis-rasonance fluorescence study to reaction of

2Fl/2 state. Adsorption and decoe_posltlon of CIlia o_ the walls of their static system maythe C1

account for the very low value of Grimaly and Houston 41980). The results of Clyne end Cruse

(1972) in a discharsa flow-resonance fluorescence study are aisniflcantly lower than all recent

results. The recommended value at room temperature is the mean of the values reported by Abbatt

e_t a_l (1989), Chasovnikov a_t a_11 (1987), Nesbitt e_t s l (1987), and Kits and Stedman (1982). The

recommended temperature dependence is from the study of Abbatt a_t a__ (1989).

E23. CID + O. Recently there have been five studies of this rate constant over an extended temperature

ranse ustn8 a variety of techniques: Leu (1984b); Margitan (1984b); Schwab e_t a_l (1984); Onsstad

and Birks (1986); and Nicovich et a__ (1988). The recommended value is based on a least squares

fit to the data reported in these studies and in the earlier studies of Zahnlser and Kaufman (1977)

59



and Ongstad and Birks (1984). Values reported in the early studies of Bemand et al (1973) and

Clyne and Nip (1976b) are significantly higher and were not used in deriving the recommended value.

Leu and ¥ung (1987) were unable to detect 02(°Z) or O._('A) and set upper limits to t_he branching

ratios for their production of 4.4 x 10 -4 and 2.5 x I0 -z.

E24. CIO + NO. The absolute rate coefficients determined in the four dlscharga flow-mass spectrometric

studies (Clyne and Watson (1974a), Leu and DeHore (1978), Ray and Watson (1981a) and Clyne and

MacRobert (1980)) and the discharge flow laser magnetic resonance study Lee e_t a__l (1982) are in

excellent agreement at 298 K, and are averaged to yield the preferred value. The value reported by

Zahniser and Kau_ (1977) fr_ a competitive study is not used in the derivation of the preferred

value as it is about 33% higher. The magnitudes of the temperature dependences reported by Leu

and DeMote (1978) and Lee e._tal are in excellent qreemant. Although the E/R value reported by

Zahnlser and Kaufman (1977) is in fair agreement with the other values, it is not considered as it

is dependant upon the E/R value assumed for the Cl + O 3 reaction. The Arrhenius expression was

derived from a least squares flt to the data reported by Clyne and Watson, Leu and DoHore, Ray and

Watson, Clyne and MacRobert and Lee e__%el.

E25. CIO + NO 3. Tha recommended value is baaed on results reported by Cox ot a__ (1984a) and by Cox

et al (1987) in the o_IF reported studies of this reaction. Both studies used the modulated

photolysis of C_ + ClOHO 2 mixtures. In the new study a small temperature dependance is reported,

but because of umcertalntlas in the data a tou_perature-independont value is rocomm_ded in thls

evaluation.

E26. CIO + HO2. There have now bees five studies of this rate constant. Three were low pressure

discharge flow studies, each using a differant experimental detection technique (Raimann and

Kaufman, 1978; $tlmpfle et a__, 1979; Lock etal, 1980), and two were molecular modulation

studies; at one aUaoaphera (Burrows and Cox, 1981), and over the pressure range 50-760 torr

(Cattell and Cox, 1986). The 298 K values reported, in units of 10 "12 am3 molecula-i s -1, are:

3.8±0.5 (Relmarm and Kaufman), 6.3±1.3 (Stimpfle e__t el), *.5_0.9 (Lack e__t a_!l), 5.4 (Burrows

and COx), and 6.9+1.5 (Cattell and Cox). The recommended value Is the mean of these values.

The study of Cattell and Cox over an extended pressure range whom combined with results of the

low pressure dlscharse flow studios seem to indicate that this reaction ozhlhits no pressure

dependence at room temperature. The only temperature dependance study (Stimpflo e_t a_l) resulted

in a non-llnear Arrhanlus behavior. The data wore best doscrlbod by a four parameter oquatlon of

the form k " Ao -B/T + CT n, possibly suasestin s that two dlfforant mochanlsmsmay be occurring. Tho

expression forwarded by StlmpfLa et al was 3.3 x 10"11orp(-850/T) + 4.5 x 10 -12 (T/300) -3"7

Two possible preferred values can be suggested for the temperature dependance of k; (a) an

expression of the form su_osted by Stlmpfla e__t all , but where the values of A and C are adjusted

to yield a value of 5.0 x 10 -12 at 298 K, or (b) a simple Arrheniua expression which flts the data

obtained at and below 300 K (normalized to 5.0 x 10 "12 at 298 K). The latter form is preferred.

The two most probable pairs of reaction products are, (1) BOCI + 02 and (2) HCf + 03 . Leu (1980b)

and Lack e_t a_! used mess spectrometric detactlon of ozone to place upper limits of 1.5% (298 K)

and 3.0% (248 K); and 2.0% (298 K), respectively, on k2/k. Burrows and Cox report an upper limit

of 0.3% for k2/k at 300 K.

E27. ClO + B2CO. Poulet e__t a_!l (1980) have reported an upper limit of 10 -15 cm 3 molecule -I s -I for k

at 298 K using the discharge flow-EPR technique.

E28. ClO + OH. The recommended value is based on a fit to the 219-373 K data of Hills and Howard (1984),

the 243-298 K data of Burrows s_t all (1984a), and the 298 K data of Poulet e__ta_!l (1986a). Data

reported in the studies of Ravlshankara e_t a!l (1983e), and Lau and Lin (1979) were not used in

deriving the recommended value because in these studies the concantration of ClO was not determined

directly. The results of Burrows et al are temperatura-lndapendentwhile those of Hills and Howard
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show a alight neaative temperature dependance. The fraction of total reaction yielding 1302 + C1 as

products has bean determlnad by Leu and Lin (>0.65); Burrows e_tt al (0.85_0.2); Hills and Howard

(0.86±0.14); and Poulat e._t.tel (0.98+0.12). The latest study gives an upper limit of 0.14 for

the branchins ratio to 6ire HCf + 02 as products. The uncertainties in all studies allow for the

possibility that the BC1 yield is indeed zero.

E29. CIO Reactions. These upper limits are based on the data of Walker (reported in C1yne end Watson,

1974a). The upper llm/ts shown for k(298) were actually determined from data collected at either

587 or 670 K. The Arrhenlus expressions were estimated based on this -600 K data.

E30.

E31.

CIO + CI0. There are three bimolecular chan_els for this reaction: ClO + ClO * OCIO + C1 (kl);

CIO + CI0 _ C1 + CIO0 (k2) ; end ClO + CIO _ C12 + 02 (ks). The reccm_er_ied values given hera are

for the total rate coefficient at low pressures. Thr/ are based larsaly on results obtained in

the discharge flow studies of Clyne and co-workers as discussed in the revisws by Watson (1977,

1980). }qote that the rate constant is here defined aa -d(C10)/dt - 2 k (C1D) 2 . Molecular modulation

studies such as those of Cox and co-workers (see Haymen it a_. , 1986) have &ivan • similar timpera-

tura dependence but somewhat lower rate constant values. The product branching ratios and their

dependence on temperature end pressure are not well established. The low pressure results indicate

that k 2 and k 3 are both important, while k I represents only about I0 percent of the total reaction.

The reaction exhibits both blmolecular and termolecular reaction channels (see entry for this reac-

tion in Table 2). The termolacular reaction, presumably to Slve the dimer, dominates at pressures

hiaher then about 10 tort; however, the role of the dlmar in the overall reaction is unclear -

whether it is merely in equilibrium with OlD or decomposes to siva the some products &Ivan in the

blmoTecular reaction charmels. Some product branching ratio date have been derived from studies

of the chlorine photoeensltlsad decomposition of ozone. In these syat_ns there are _mcart, alntias

concerning the need for some reaction of the C1202 complex in order to account for the strong

temperature dap4a_dance of the ozone quantum yield and also concarnins the possible role of ClO

complex formation with 02 and subsequent reactions of the CIO-O 2 complex. The equillbrium

constant for formation of the C1202 d/n_r is given in Table 3.

CIO + 03. The brenchlns ratio between the two possible channels is not known, but, for the present

discussion, is assumed to be _n_ity. There is no wvldence that either reaction actually occurs.

The Arrhentus parameters were estimated, and the upper limit rate constants are based on data

reported by De_4ore, Lin and Jaffa (1976) and by Wongdontri-Stuper e__t a_l (1979).

E32.

E33.

C10 + CH302. New Entry. There has been no direct study of this reaction. Simon st al (1989)

studied the modulated photolysis of C12/CH4/C120/02 mixtures uslr_ UV-VIS and FTIR absorption

spectroscopy. C10 was monitored at 292 rm end CH302 at 240 _m. The authors state that the

observations were best explained by poatulatlnS a fast blmoleculsr reaction between these species.

They fitted the absorption data to a chu_Ical modal and thereby derlvtd a value for the rate constant

of 3 x 10 -12 cm 3 molecule -1 s "1 st 298 K. The avidenct for reaction is extremely indirect,

and the derived results must be regarded as highly uncertain. The authors interpret their results

as indicating that the products are C1OO end CH30.

OH + C12. The recommended roOm temperature value is the average of the results reported by

Boodsghlans et al (1987), Loewermteln and Anderson (1984), Ravishankara et al (1983a), end Lau

and tin (1979). The temperature dependence is from Boodaghians st _ Loewenatein and Anderson

determined that the exclusive products are CI + HOCI.

E34. OH + l]C1. The recoemlnded value Is based on a least squares fit to the data reported in the recent

studies by Mollne eft _ (1984), Keyaer (1984), emd Ravlshankara e_t el (1985b). In these studies

particular attention was paid to the determination of the absolute concentration of HC1 by UV and IR

spectrophotomatry. Earlier studies by Takacs and Glass (1973c), Zshnlser p t a_ll (1974), Smith and
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Zellner (Ig74), Ravlshankara et al (I@77a), Hack e t a_!l(1977), Husaine__b al (1981), Cannon et al (1984),

Husain e%t al (1984), and S_ith and Williams (1986) had reported somewhat lower room temperature values.

E35. OH + HOCI. In the only reported study of this system Ennis and Birks (1988) reported the value of this

rate constant at room temperature to lie in the range (1.7 - 9.5) x 10 -13 cm 3 molecule -1 s -I A

temperature dependent expression has been estimated by choosing a pre-exponentiel factor by analogy

with the (_ + H202 reaction and selectln8 t_he midpoint of the experimental ranae for the room

temperature rate constant. The larae uncertainty factor is needed to encompass the entire range.

E36.
OH + CH3CI. The preferred values were obtained uslng only absolute rate coefficient data. The

data of Howard and Evenson (1976a), Davis e_ al (1976), Perry et al (1978a), Paraskevopoulos

et al (1981) and Jeon8 and Kaufman 41982) are in good aareement and were used to determine the

preferred values. The preferred Arrhenius exl_ression was derived from a least squares fit to the

data below &0O K. Results of a new stedy by Taylor et al 41989) over the temperature ranae

295-800 K are in good aareement wlth the recom,endation at re-- tee_perature, ]out values extrapolated

to stratospheric t_eraturas are subste_tially lower than the rec_endatlon.

E37.
OH + CH2CE 2 . The data o£ Howard md Evenson 41975e), Perry e__5 a_ 41976), Davis e__t a_l 41976) and

Jeon8 and Kaufman (1982) are in reasonable asreement. The temperature dependence data of Davis

e__ta_! tend to susie*hat smaller values than Jeon$ end Kaufman but the resultins actlvatiol_ ener&les

are in good aareement. The preferred Arrhenius expression was derived from a least squares fit to

the data below 400 K. The reccuaended room re.stature value was derived from the Arrhenius

expression at 298 K. Results of a new study by Taylor et al (1989) over the tes_pereture ranae

298-775 K are in reasonable agreement with the zecosme_dation at room temperature and when

extrapolated to stratospheric temperatures.

E38.
OH + CIEI 3. The preferred values were obtained uslr_ only absolute rate coefficient data. The

accuracy of the OH + CH4/OH + CBCI 3 study (Cox _ a__, 1976a) was probably no better them a factor

of 2. The data of Howard and Evermon (1976a), Davis et a! (1976) and Jeong and KaufJnan (1982)

are in good agreement and were used to determine the preferred values. The preferred Arrhenlue

expression was derived from a least squares fit to the data below 400 K. Results of • new study

by Taylor et al 41989) over the temperature tense 295-775 K are in seed agreement with the

recommendation at room temperature, but values extrapolated to stratospheric temperatures are

higher them the recommendation.

E39.
OH + CHFC12. Absolute rate coefficient data for this reaction have been reported by Howard end

Evenson (1976a), Perry et a_l (1976a), Watson et al 41977), Chang and Kaufman (1977a), Clyne and

Holt (197gb), Paraskevopouloa e tal (1981) and Jeom_ and Kaufman (1982). The data base is well

established and there have been no new data recently. The preferred values are derived from a

fit to all data below 400 K except the rata constants of Clyne and Holt (1979b) which have a

significantly larger temperature dependence then all the other studies. The rate constants

from the latter study are consistently larger then those obtained in all other studies. The

expression given here aarses with the recommended expression from JPL 87-41 to within about 15Z

over the stratospheric temperature ranae.

E40. OH + CHF2Cl. Absolute rate coefficient data for this reaction have been reported by Howard and

Evenson (1976a), At_tnson et al 41975), Watson e_t al 41977), Chang and Kaufman 41977a), Han_erk

end Zellner 41978), Clyne and Holt (197gb), Paraskevopoulos e__ al (1981) and Jeon8 end Kaufman

(1982). The data base is well established and there have been no n_ data recently. The preferred

values are derived from a fit to all data below 400 K except the rate constants of Clyne and Holt

(1979b), which have a significantly larger tec_pereture dependance then all the other studies. The

expression 81yen here agrees with the recommended expression from JPL 87-&i to within about 15%

over the stratospheric temperature rar_e,
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E41.

E42.

E43.

E44.

E45.

E46.

E47.

E48.

OH + CH2FCI. The data for this reaction ere in excellent abreement. The recommended Arrhenlus

expression was derived from the room temperature data of Howard and Evenson (1976a) and Paraske-

vopoulos eft el (1981), end the temperature dependence data of Watson et al (1977), Handwerk and

Zellner (1978) and Jeons and Kaufman (1982) below 400 K. The expression 8ivan here agrees with

the recommended expression from JPL 87-41 to within about 15% over the stratospheric temperature

range.

OH + CH3CCI 3. This evaluation is based on the data of Jeong and Kaufman (1879) and Kurylo et al

(1979). Their results are in excellent agreement over the temperature range 250-460 K. The earlier

results of Howard end Evenson (1976b), Watson eft al (1977), Chang and Kaufmen (1977a) and Clyne

and Holt (1979a) were discounted in favor of the newer results. The earlier results showed higher

values of the rate constant, and lower E/R values. This may indicate that the CH3CCI 3 used in the

early studies was conts_nated with small amounts of a reactive olafinic impurity.

OH + CHCI2CF 3. The preferred rate expression is derived from the temperature dependance data below

400 K of Gierczak e5 al (1989), Liu e__t a! (1990), Watson 2-_ el (1979b) s_d the room temperature data

of Howard and Evanson (1976b). The recommended value of k298 is derived from the temperature

dependence expression. The date of Clyne and Holt (1979b) were not considered.

OR + CHFCICF 3, The preferred rate expression is derived from t_he temperature dependance data of

Watson e__t e l.l(1979b) and the room temperature data of Howard end Evanson (1976b). The recomnended

value of k298 is derived from the temperature dependence expression.

OH + Cfl2CICF2CI. The races®ended temperature dependence was derived from the date of Watson e__t al

(1979b) which were corrected by these authors for the presence of alkane impurities. The data of

Jean8 art al (1984), indicating substantially faster rate constants may have bean affected by such

impurities and hence were not included in derlvln_ the recommendation. The preferred value of k298

was derlved from the recommended Arrhenlus expression. This recom®endetlon is essentially identical

to the one in JPL 87-41.

OH + CH2C1EF 3 . Ntw Entry. The tauperature dependence of the preferred rate expression was derived

from the data of Bandwerk and Zellner (1978). The rec_Qmded value of k298 is the ever_e of

the values of Howard end Evermon (1976b) and Handwerk and Zellner (1978) adjusted to 298 K. The

data of Clyne end Holt (197_) were not used in derlvln8 this recommendation.

OH + CH3CFC12. The preferred rate expression is siSnificently different from that estimated in NASA

(1987) due to the recent availability of kinetics data from Gierczak st a_ (1989) end Liu e_t al

(1990). There is noticeable curvature in the Arrhenlus plots from both studies. While the data

can be fit to a reasonably straiaht llne over the temperature range 240-400 K, a temperature ranse

for the fit of 273-400 K was adopted. The reaction rate at the lowest temperature, belng so slow,

Is most likely to be affected by ImL_tritlee. In addition, inclusion of the lowest tlmpereture points

in the fit results in an unusually small A-factor. Rate constants derived from this recommendation

are • factor of 1-3 times larser than those from JPL 87-41 at low temperatures.

OH + C_3CFiCI. The roconmended rate expression is derived from • fit to the temperature dependence

date of Glerczak et al (1989), Llu _ al (1990), Watson et al (1977) end Handwerk end Zellner (1978),

and the room temperature data of Howard and Evanson (1976b), and Parakevopoulos e_t a_! (1981). The

value of k298 was derived from the rate expression. The preferred rate expression results in rate

constants that are up to 25% larser at stratospheric tm_peratures than those derived from the JPL

87-41 r ec_ndation.
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E49.

ES0

E51

E52

E53.

E54.

E55.

E56.

E57.

OH + C2Cl 4. The preferred value at 298 K is a mean of the values reported by Howard (1976) and

Chang and Kaufman (1977a). The value reported by Wlner st al (1976), which is more than a factor

of I0 8rearer, is rejected. The preferred Arrhenlus parameters are those of Chang and Kaufumn.

OH + C2HCl 3. The preferred value at 298 K is a mean of the values reported by Howard (1976) and

Chang and Kaufman (1977a). The value derived from a relative rate coefficient study by Winar et al

(1976) is a factor of -2 8reater than the other values and is not considered in derlvin8 the

preferred value at 298 K. The Arrhenlus parameters are based on those reported by Chang and

Kaufman (the A-factor is reduced to yield the preferred value at 298 K).

OH + CCI 4 . New Entry. The recommended upper limit at room tmnperaturs is based on the upper

limit reported in the compatititve study by Cox st al (1976a). The value siren there has been

increased by a factor of four to allow for uncertainties in the number of NO moleculq.s oxidized.

The recomnandatlon is compatible with the less sansltlve upper limits reported by Howard and Evanson

(1976a) and Clyne and Holt (1979a). None of these investigators reported any evidence for reaction

between these species. The A-factor was estimated and a lower limit for E/R was derived.

OH + CFCI 3 and OH + CF2CI 2. The A-factor was estimated, end a lower limit was derived for E/R by

using the upper limits reported for the rate constants by Chang and Kaufman (1977b) at about -480 K.

These expressions are quite compatible with the upper limits reported for these rate constants by

Atkinson et al (1975), Howard and Evenson (1976a), Cox e__t sl (1976a) and Clyne end Holt (1979b).

None of the Investiaators reported any evidence for reaction between OH and these chlorofluoromethanes.

OH + CiOgO 2. The results reported by Zahnisar e__t al (1977) and Ravishankara e._t el (1977h) are

in good agreement at -245 K (within 25X), considering the difficulties associated with headline

ClONO 2. The preferred value is that of Zahniser e__t el Neither study reported any data on the

reaction products.

O + HCl. Fair asresment exists between the results of Brown and Smith (1975), Wong end Belles

(1971), Ravishankara et al (1977a), Hack et al (1977) end Sinaleton end Cvetanovlc (1981) at

300 K (some of the values for k(300 K) were obtained by extrapolation of the experimentally

determined Arrhenlus expressions), but these are a factor of -7 lower than that of Balakhnln st

(1971). Unfortumately, the values reported for E/R are in complete disasrelm4mt, rlmsing from

2250-3755 K. The preferred value was based on the results reported by Brown and Smith, Wo_g and

Belles, Ravishsnkara e_t_t all, Hack et al and Singleton and Cvetanovic but not those reported by

Balakhnin et a__l.

0 + HOC1. There are no experimental data; this is an estimated value based on rates of O-atom

reactions with similar compounds.

O + ClONO 2. The results reported by Holina e__t a_l (1977b) and Kurylo (1977) are in good asreement,

and this data has been used to derive the preferred Arrhenius expression. The value reported by

Ravishankara _ a__ (1977b) at 245 K is • factor of 2 greater than those from the other studies,

and this may possibly be attributed to (a) secondary kinetic complications, (b) presence of NO2 as

a reactive impurity in the ClD_2, or (c) formation of reactive t_hotolytic products. None of the

studies reported identification of the reaction products. The room temperature result of Adler-

Golden end Wlesenfeld (1981) is in 8ood asreement with the recommended value.

0 + C120. The recoma_dation averases the results of Miziolek and Molina (1978) for 236-295 K

with the approximately 30 percent lower values of Worker st al (1982) over the a_ t_q_erature

ranse. Earlier results by Basco and Dosra (1971c) and Freeman and Phillips (1968) have not been

included in the derivation of the preferred value due to data analysis difficulties in both studies.
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E58. OCIO + O. The Arrhenius expression was estimated based on 298 K data reported by Bemand, Clyne and

Watson (1973).

E5g.
OC10 + 03. New Entry. The recommended value is based on results over the temperature rante 162-

295 K reported by Wonadontri-Stuper e_tb a__l (1979). WiLhin the indicated uncertainty limits it also

encompasses the the somewhat lower room-temperature result of Birks e__tel (1977).

E60. OCIO + OH. New Entry. The recommended value is that reported by Poulet e__ta_l (ig86b), the only

reported study of this rate constant, using a discharae flow system in which OH decay was measured

by LIF or EPR over the temperature range 293-473 K. Product HOCI was detected by modulated molecular

beam mass spectrometry. The branchin8 ratio for the channel to produce HOC1 + 02 was determined

to be close to unity, but expegimental uncertainty would allow it to be as low as 0.80.

E61. OC10 + NO. The Arrhanius expression was estimated baaed on 298 K data reported by Bemand, Clyne

and Watson (1973).

E62.
Cl202 + O S. New Entry. The recommended upper limit is that determined by D_Hore (private

communication, 1989). It refers to a temperature of 195 K and while the reaction possibly could

be faster at higher temperatures, the value of the rate at the higher temperatures would be of no

aianificance because of the thermal decomposition of t_he dlmer.

E63. C1202 + NO. New Entry. The recommended upper 1lair determined by Friedl (private communication,

1989) in a study using a DF-MS technique.

E54. HCf + NO 3. New Entry. The recommended upper limit is that reported by Mellouki e___ta__l (1989) in a

study using DF-EPR teci_niques. This upper limit shows that this reaction is of negligible importance

in stratospheric chemistry.

E65.
HCl + ClONe 2. Recently, results of four studies of the kinetics of this system have been published,

in which the following upper limits to the homogeneous btmolecular rate constant were reported:

1 x 10 -19 cm 3 molecule -1 a -I by a static wall-less long-path UV absorption technique and a steady-

state flow FTIR technique (Molina e_t a__, 1985); 5 x 10 -18 using a flow reactor with FTIR analysis

(Frledl e_t a_1, 1988) ; and 8.4 x 10 -21 usin8 a static photolyais system with FTIR analysis (Hatakeyema

and Leo, 1986 and Leu e__t a_!l, 1989), and 1.5 x 10 -19 by FTIR analysis of the decay of ClONe 2 in the

presence of HCf in larae-voluEm (2500 and 5800 liters) Teflon or Teflon-coated chambers (At_inson

e__t a E, 1987). Earlier, BitEs st a._l (1977) had reported a higher upper limit. All studies fousnd

this reaction to be catalyzed by surfaces. The differences in the reported upper limits can be

accounted for in terms of the very different reactor characteristics and detection sensitivities

of the various studies. The homogeneous reaction is too slow to have any si_niflcant effect on

atmospheric chemistry.

E86. HCl + HO2NO 2. This upper limit is based on results of static photolysis-FTIR experiments reported

by Leu et _ (1989).

E67. H20 + CloNe 2. This recon_endation is based on the upper limits to the homoganeous bimolecular

rate constant reported by ALkinson et al (1986), and by Hatakeysma and Leu (1988, 1989). Atkinson

e__t a._l observed by FTIR analysis the decay of CloNe 2 in the presence of H20 in large-volume (2500

and 5800 liters) Teflon or Teflon-coated chambers. Their observed decay rate gives an upper limit

to the homogeneous gas l_hase rate constant, and they conclude that the decay observed is due to

heterogeneous processes. Hata_eyama and Leu, uainB a static photolyais system with FTIR analysis,

derive a similar upper limit,. Re, land e_ _ (1988) concluded that the decay they observed resulted

from rapid heterogeneous processes. The hcmo&eneous reaction is too slow to have any sisnlficant

effect on atmospheric chemistry.
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E68.

P1.

F2.

F3.

F4.

FS.

Fa.

FT.

C_302 + NO. These recommended values for the reactions of NO with the perhalogenated methylperoxy

radicals are baaed on the results reported by Dosnon e__ta_ (1985) for the temperature range 230-

430 K. They are in good agreement with the room temperature values reported for the reaction of

CFCI202 (Lesclaux and Caralp, 1984), and CC1302 (Ryan and Plumb, 1984). Dognon e_t al have shown

that NO 2 is the major product in these reactions.

Br + 03 . The results reported for k(298 K) by Clyne and Watson (1975), Leu and DeMore (197F),

Michael e._tal (1978), Michael and Payne (1979), and Toohey e_t al (1987b) are in excellent agreement.

The preferred value at 298 K is derived by taking a simple men of these five values. The temperature

dependences reported for k by Leu and De/dora and by Toohey et al are in good agreement, but they

can only he considered to be in fair asreemant with those reported by Michael e__t a__l and Michael

and Payne. The preferred value was synthesized to best fit all the data reported from these five

studies. The new results of Nicovich _ al (1989) are in excellent asreement with this recommendation.

Br + H202. The recommanded upper l_mAt to the value of the rate constant at room temperature is

based on results reported in the recent study by Toohey et al (1987a) usins a discharge flow-laser

masnetic resonance technique. Their upper limit determined over the temperature tense 298-378 K

Is consistent with leas sansitive upper limits determined by Leu (1980a) and Poaey et _ (1981)

using the discharge flow-mass spectrometric technique. The much higher value reported by Heneghan

and Banson (1983) may result from the presence of excited Br atoms in the very low pressure reactor.

The pre-exponential factor was chosen to be consistent with that for the CI + H202 rata constant,

and the E/R value was fitted to the upper limit at 298 K.

Br + B2CO. There have bean two studies of this rate constant as a function of teslperature; Nave

e_t a__l (1981), usin s the flash photolyaie-rasonance fluorescence technique, and Poulet et al

(1981), using the discharge flow-maaa spectrometric technique. These results are in reasonably

good asreemant. The Arrhanius expression was derived from a least equaree fit to the data reported

in these two studies. The higher room temperature value of Le Brae e_t a__ (1980) usins the discharge

flow-EPR technique has bean shown to be in error due to secondary chemistry (Poulet e._t a_!l).

Br + BO 2. This recomnendation is based on results obtained over the 260-390 K temperature range

in the recent study by Toohey et a__ (1987a), ueins a discharge flow system with LMR detection of

BO 2 decay in excess Br. The room temperature value reported in this study is a factor of three

hisher than that reported by Poulet et al (1984b) ualns LIP and MS techniques end is an order of

magnitude larser than the value of Posey et a__ (1981). The uncertainty in E/R Is set to encompass

the value E/R - O, as for other radical-radical reactions. A new value determined by Le Brae

(private communicatloo, 1989) usins DF-EPR techniques is in Sood asreement with this recos_endatic_.

The reactions of Br atoms with H202, BCB0, end BO 2 are all slower then the corresponding reactions

of Cl-atoms by one to two orders of masnltude.

Br + Cl20. The recommended value is that reported by Sander and Friedl (1989). It was

derived by obaervins the formation of ClO usins lon 8 path UV absorption followin8 the flash

photolyais of a Br 2 - CI20 mixture.

Br + OCIO. New Entry. The reccamended value at roam temperature is the mean of the values reported

by Clyne and Watson (1977) and Toohey (1988). In both studies correction for the effect of the

rapid reverse reaction was required. The tes!perature dependence reported by Toohey (1988) is

accepted but with Increased error l/mAts.

Br + Cl202. New Entry. The recc_ended value is that determined by Friedl (private cosmunication,

1989) in a study ueins a DF-MS technique.
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Fa.

Fg.

F10.

Fll.

BrO + O. The preferred value Is based ca the value reported by Clyne st al (1976). This value

appears to he quite reasonable in llsht of the known reactivity of CIO radicals with atomic oxygen.

The temperature dependence k is expected to he small for an alum-radical process, e.s., 0 + CIO.

HrO + CIO. There has recently been a substantial improvement in the database for this rate coeffi-

cient. Friedl and Sander (1989) using DF/MS techniques measured the overall rate constant over the

t_aperat_re ranae 220-400 K and also over this tmq_rature r_a determined directly hre_ch£nK

ratios for the reaction channels producins BrCI and OCIO. The same authors in a separate study

usin_ flash photolysts-ultraviolet absorption techniques (Sander and Friodl, 1989) determined the

overall rate constant over the temperature tense 220-*00 K 1rod pressure r_e 50-750 torr and also

determined at 220 K and 298 K the branchiae ratio for OC1D production. The results by these two

independent techniques are in excellent a_reement0 with the overall rate constant showins • nesative

temperature dependence. Toohe7 and Anderson (1988) usins DF/RF/LMR techniques reported room temp-

erature values of the overall rate constant _ the branchi_ ratio for OC1D production. They also

found evidence for the direct production of BrC1 in a vibrati_all7 excited _ state. Fouler et all

41990) usin8 D_/MS techniques reported re -m temperature values of the overall rats constant Jmd

hrancht_ ratios for OCIO and BrC1 production. All the above :entioned results are in reasonably

seed asreement. Hills at a__ (1987, 1988) ustnS DF/M5 techniques reported an overall rate constant

which was lndepeudent of te:%_rature over the range 2_1-308 K sad about 40 percent lower t/urn the

room temperature avera6e of the above mmtioned studies; they also determined hranchin_ ratios end

and reported no BrCI production. Overall room tmqporature rate constant values reported also

include thst from the DF/HS study of Clyne and Watson (1977) and the very low value derived in the

flash l_hOtolysts study of Basco and Do6re (1971b) usins a different interpretation of the reaction

mechanim. The mat comprehensive sat of branching ratio data and rate constant data Is that

reported by Frtedl and Sander (1989). These data are supported by the resultS of the other more

t4m4ted studies. The r_ndod @x_eaaiona for the indivichaal reaction chml_els are t_ken from

t_hls study. They are conalste_t with the entire body of data from all the studies of this reaction

with the exception of the study of Hills e__ el and the study of Hesco and DoSra,

DrO + NO. The results of the three low pressure mass spectzoaetric studies (Clyne and Watson, 1975;

Re7 and Watson, 1981a; Leu, 1979a) sad the hash pressure uv absorption study (Watson et el, 19798),

which all used pseudo first-order conditicms, are in excellent asreeme_t at 298 K, and are thousht

to be mch umrs reliable than t.he earlier low pressure uv absorption study (Clyne and Cruse, 1970h).

The results of the two temperature dependence studies are in seed aSrecmemt end both show a mall

nesative temperature dependance. The preferred Arrhenius expression was derived from a least

squares fit to all the data reported in the four recent studies. By ccmblnlns the data reported

by Watson et j_ with that from the three mass spectrometric studies, it can be shown that this

reaction does not exhibit say observable pressure dependence hetween 1 and 700 tort t_ta£ pressure.

The temperature dependences of k for t.he analoaous C10 and He 2 reactions are also negative, and are

similar in magnitude.

B=O + BrO. There are two Possible bimolsculsr channels for this reaction: BzO + BrO _ 2Br + 02 (k 1)

and BzO + BrO _ Br 2 + 0 2 (k2). The total rate Constant for disappearance of BrO (k _ k I + k 2) has

been studied by a variety of techniques, includin6 discharge flow-ultraviolet absorption (Clyne

end Cruse, 1970s), discharge flow-mass sIM_trometry (Clone and Watson, 1975) and flash photolyais-

ultraviolet absorption (Basco and Dogra, 1971h; Sander end Watson, 1981h). Since this reaction is

second order In [BrO], those studies monitorir_ [BrO] by ultraviolet absorption required the value

of the cross section G to determine k. There is substantial disagreement in the reported values

of _. Althoush the masnitude of o is dependent upo_ the particular spectral transition selected

and instrumental parameters such as spectral bandwidth, the moat likely explanation for the large

differences in the reported values of : is that the techniques (based on reaction st_tchiometries)

used to determine o in the earl7 studies were used incorrectly (sea discussion hy Clyna and Watson).
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FI2,

FI3.

The study of Sender and Watson used totally independent methods to determine the values of o and

(o/k). The recc_m_mdattons for k 1 and k 2 are consistent with s racoamendation of k - 1.14 x 10 -12

exp(+255/T) cm 3 molecule -I s -I Thls temperature dependence Is the corrected value from Sender

and Watson, and the pre-sxponentlal factor has been chosen to fit the value of k(298 K) - 2.7 x 10 -12

3 s-l,cm molecule -1 which is the averaae of the values reported by Clyne and Watson (the mass

spectrometric study where knowlodse of o Is not required) and by Sander and Watson (the latest

absorption study). There was no observable pressure dependence from 50 to 475 torr in the latter

study. Cox _ a_ (1982) used the molecular modulation technique with ultraviolet absorption to

derive a temperature independent value of k 2 which is 50 percent 8reater than the 298 K value

r ec omr_,)nded here.

The partitlonins of the total rate constant into its two ccaqponents, k 1 and k2, has been measured

by Sender and Watson at 298 K, by Jaffa end Nainquist (1980) from 258 to 333 K, and by Cox et

(1982) from 278 to 3*8 K. All are in esroement that kl/k - 0.8,_0.03 at 298 K. In the temperature

dependent studies the quantum yield for the bromine photosenaltlzed deccsepositlon of ozone was

measured. Jaffa and Hainquist observed a stron8, unexplained dependence of the quantum yield at

298 K on [Br2], and their results were obtained at much hi6her [Br 2] values then were those of

Cox e t a_ This makes a CCml_arison of results difficult. From en analysis of both sots of temper-

aturs dependent data, the following expressions for kl/k were derived: 0.98 exp(-44/T) (Jaffe end

Mainqulst); 1.42 sxp(-163/T) (Cox et el); and 1.18 exp(-104/T) (mean value). This mean value has

been combined with the expression for k I shown in the table. The expression for k 2 results from

the numerical values of k 2 at 200 K and 300 K derived from the evaluation of these expressions for

k I and for k-(k I + k2).

BrO + 03 . Based on a study reported by Sander and Watson (1981b). Clyne end Cruse (1970a)

reported an upper limit of 8 x 10 -14 cm 3 molecule -1 s -1 for this reaction. Both studies reported

that there is no evidence for this reaction. The aneloSOus CIO reaction has a rate constant of

<10 -18 c_ 3 molecule -1 s -1

BEe + He 2. The preferred value Is based on the value of k(C10 + Be2). Cox and Sheppard (1982)

have studied the rate of this reaction in an inveatiaation of the photolysis of 03 In the presence

of Br20 B 2, amd 02 usin8 the molecular m_ulatlon-ultraviolet absorption technique. Althouah the

reported value is not very precise, it does show that this reaction occurs end at a rate comparable

to that for CIO + He 2. By analogy with the CIO + Be 2 system, the products may be expected to be

HOBr ÷ 02 .

FI4. BrO + OH. Value chosen to be consistent with k(CIO + OH), duo to the absence of any experimental

FIt.

FI6.

data.

OH + Br 2. The reccmnended room temperature value is the averase of the values reported by

Boodsshtans et al (1987), Loewenstein end Anderson (1984), end Poulet et el (1983). The

temperature independence is from Boodaahians e__t el; Loewenstein end Anderson deters_ned that

the exclusive products are Br + HOBr.

OH + HBr. The preferred value at room tempersturs i8 the averaae of the values reported by

Ravishankara et al (1979a) usin_ FP-RF, by Jourdain st 8_11 (1981) usins DF-EFR, and by Cannon

e__t a_!l (1984) usins FP-LIF, and by Ravishankara e_t a_! (1985a) using LFP-RF end LFP-LIF techniques.

In this latest study the HBr concentration was directly measured In-situ in the slow flow system

by UV absorption. The rate constant determined in this reinvestisation is identical to the value

recommended here. The data of Ravishankara e__t a_l (1979a) show no dependence on temperature over

the fanes 249-416 K. Values reported by Takacs end Glass (1973a) and by Husain et a_ (1981) are

a factor of two lower and were not included in the derivation of the preferred value.
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F17.

F18.

OH + CH3Br. The recommended vel_o is derived from a least squares fit to the data of Davis et a__1

(1976) over the temperature ran&e 244-350 K and the room ten_erature data of Howard and Evenson

(1976s). The room temperature values reported in these two studies are in excellent agreement.

OH +Halons. New Entry. For each of these four reactions the recommended upper limit at room

temperature is the upper lin_Lt determined by Ravishankara (private commumicatlon, 1989) in a study

using pulsed photolysis-LIF end DF-L_R techniques. For the reactions with CF2CIBr and CF3Br less

sensitive upper limits were reported by Clyne and Holt (1979a) end Le Bras and Co_bourieu (1978)

respectively.

FIg. 0 + HBr. Results of the flash photolysls-resonance fluorescence study of Nave e_ al (1983) for

221-455 K and the laser flash photolysls-resonanca fluorescence study of Hicovlch end Wine (1989)

for 250-402 K provide the onl7 data at stratospheric temperatures. Results have also been reported

by Slnslet_n end Cvetanovlc (1978) for 298-554 K by a phase-shlft technique, and discharsa flow

results of Brown and Smith (1975) for 267-430 K and of Takers and Glass (1973b) at 298 K. The

preferred value is based on the results of Nave e_ el, those of Nicovlch and Wine and those of

Sinsleton and Cvetanovic over the same temperature ranae, since these results are lass subject to

complications duo to secondary chemistry than are the results usin8 discharao flow techniques.

The uncertainty at 298 K has boen set to encompass these latter results.

F20. NO3 reactions. New Entry. The recoamended values are those reported by Melloukl et a__ (1989) in

a study usins DF-EPR techniques. The value siren for the reaction with BrO Is the socmotric moan

of the reported lower and upper limits. The upper limit reported for the reaction with HBr shows

that this reaction is of nesltstblo Importance in stratospheric chemistry.

G1.

G2.

F + 03. The only experimental data is that reported by WaSher et 81 (1972). The value appears

to be quite teasc_shla in view of the waiL kr_n reactivity of atomic chlorine with 03 .

F + H2. The value of k at 298 K sacms to be wall established with the results reported by Zhltnev8

and Pshezhetsk£1 (1978), Hetdnar et al (1979, 1980), Wurzber8 and Houstan (1080), Dodonov et al

(1971), Clyne et al (1973), Bozzelli (1973), 180shin et _ (1974), Clyne amd Hodsaon (1985) and

Stevens et a_ (1989) heine in excellent asraement (tense of k bolas 2.3-3.0 x 10 "11 cm3 molecule -1

8-1). The profe=red value at 298 K i8 taken to be the moa_ of the values reported in those

roforemce a. Values of E/R tense from 433-595 K (Hotdnor et el; Wurzbors and HoustOn; I8oshln et JL_;

and Stevens et el). The preferred value of v./R Is derived from a fit to the date in these studies.

The A-factor was chosen to fit the far--ended :o_ temperature value.

GJ. F + CH 4 . The three absolute rate coefficients determined by Warner e_ a_ (1971), Cl)ma st

(1973) aud _a sad We:neE (1972) st 9-98 K are in seed aSreemont; however, this may be sca_hat

fortuitous as the ratios of k(F + E2)/k(F + CH 4) detemined by these same Soups can only be

considered to be in fair aSreement, 0.23, 0.42 end 0.88. The values determined for k (298) from

the relative rate coefficient studies are also in 8ood esreement with those determined in the

absolute rate coefficient studies, and the value of 0.42 reported for k(F + H2)/k(F + CE 4) by Form

and Reid (1971) is in seed asrasment with that reported by Cl_e st el. Feature and Nosar (1982)

determined the _bsolute room temperature rate coefficient, -nd the rate coefficient relative to

that of the reaction F + D2. The p=eferred value for k (298) is a watahted mean of all the

results. The ma_ltude of the temperature dependence is somewhat uncertain. The preferred Arrhentus

parsmeters are baaed on the data reporLed by Wasnar st all, and Foon end Reid, and the IEeferred

Arrhenius parameters of the F + H2 reaction. This reaction has been reviewed by both Foon and

Kau_man (1975) and Jones and Skol_ik (1978). The A-factor may he ton h£ah.

G4. F + H20. The recommended temperature-independent value is hased on results reported in the recant

study of Stevens et el (1989)over the temperature ranae 240-373 K usin8 a dlscharae flow system
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GS.

GT.

C_.

Gg.

with chemical converslca_ of fluorine atoms to de_t•riom atoms and d•tectlon of the latter by

resonance fluorescence. This value is in excellent •st•ernest with the room temperature results of

Frost et al (1986) and Walther a_d Washer (1983). The latter authors in a limited temperature

dependent study reported a_ E/R value of 400 K. Althoush these data have not been included in

the derivation of the preferred value, with the exception of the on• low tm_perature data point,

they are encompassed within the indicated uncertainty limits.

F + HNO 3. New Entry. The recomu_d•tion is based on results of the teeqperature-d•pendemt study

of Wine et al (1988) and the room temperature results of Helloukl et al (1987) and Rahman et al

(1988). The values •t room temperature •r• in seed as:earnest. The study of Wine et a_ (1988) was

over the temperature ranks 260-373 K. Below 320 K the d•t• were fitted with the Azrh•nius •xpzession

recommended here, wher•as •t hi•her temperatures • temperature-independemt value was found, sussestins

the occurrence of different mechanimas An the two temperature regimes.

NO + FO. This Is the value reported by Ray end Watson (1981a) for k st 298 K uslns the dlecharse

flow-mass spectrometric technique. The temperature dependence of k is expected to be small for

such • radical-radical reaction. The temperature dependm_ces of k for the am•los•us C10 end BrO

reactions (Table 1) are small and nesative.

F• + FO. The value of k(FO + FO) reported by Clyne and Watson (1974b) was obtained In • more direct

mazLner than that of WaSher et "el (1972), and as such is less susceptible to error due to the presence

of compilcattn 8 secondary reactions. The value receded in this assessment Is a welshted •verses

of the two studies. From the data of Washer et al it can be seen that the dcmlnant reaction ch_nel

is that produclns 2F + 0 2. However, their data base is not adequate to conclude that this is the

only process.

FO + 03 . The FO + 03 re•ctlon has two possible pathways which are exothemlc, resultlns in the

production of F + 2 02 or F• 2 + 02 . Althoush thls reaction has not been studied in • simple,

direct manner, two studies of complex chemical systems have reported some kinetic information

about At. Starrlco et a_ (1962) measured quantum yields for ozone destruction An F2/O 3 mixtures,

and attributed the hish values, -4600, to be due to the rapid reseneration of atomic fluorine via

the F• + 03 _ F + 202 reactic_. However, their results are probably also consistent with the chain

prop•series process boise FO + FO _ 2F + 02 (the latter reaction has been studied twice (We•nor

e__t a_l, 1972; Clyne and Watson, 1974b)), and althoush the value of [F]produced/[FO]consumsd

is known to be close to unity, it has not beon accurately dete_mained. Conseq_emtly it is impossible

to ascertain from the experimental results of Starrico et p__ whether or not the hash quemtmn yields

for ozone destruction should be attributed to the FO + 0 3 reaction producins either F + 2 0 2 or

FO 2 + 0 2 (this process is also a chain propasatlon step if the resultins FO 2 radica_ preferentially

reacts with ozone rather tha_ with either FO or itself). Wasner et a__ utilized a low pressure

discharse flow-mass spectz_metrlc system to study the F + O 3 end F• + I=0 reactions by directly

re•nit•tins the time history of the concentrations of F, F• and 03. They concluded that the F• + 03

reaction was unimportant in their system. However, their paper does not present anoush tnfoDmation

to warrant this conclusion. Indeed, their value of k(FO + FO) of 3 x 10 -11 is about • factor of 4

sreater than that reported by Clyne and Watson, which may possibly be attri_ted to either reactive

imL_urities bein8 l_resent in their system, e.s., O(3P), or the F• + 03 reactions bein8 not of

nealimible importance in their study. Consequently, it is not possible to detemine a value for the

FO + 03 reaction rate constant from existln8 experimental data. It is worth notlns the analogous

CIO + 03 reactions are extremely slow (<10 -18 cm 3 molecule -1 s -1) (Dell•re e t a__l, 1976), and

upper limits of 8 x 10 -14 (Clyne and Cruse, 1970•) end 5 • 10 -15 ore3 molecule-1 s-1 (Sander

and Watson, 1981b) have been reported for BrO + 03.

0 + FO. This estimate is probably accurate to within a factor of 3, end is based up<m the assumption

that the reactivity of F• is similar to that of ClO and BrO. The temperature dependance of the
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G17.

:ate constant is expected to be small, as for the aualosous C10 reaction.

O + FO2. No experimental data. The rate canstant for such a radical=atom process is expected to

approach the 8as collision frequency, and is not expected tcex_hibit a serene temperature dependance.

CE + CHF3. New Entry. The recomMmdatton is based on three data points: the room temperature

points of Howard and Evanaon (1978e), and the 387 K and 410 K points of Jean s and Kaufman (1982).

The data of Clyne and Holt (197_) were not considered because of the lar&e disparity with other

studies. Because of experimental complicatlcms assoclated with the measurement of rate constants

near 10 -16 am3 molecule-1 s-l, the k298 determinations of I_oward and Zvanson (1978a) and

)Tip et a_ (1979) should be considered upper limits. The Howard and Evenson value, beth& the smaller

of the two, was therefore used as the basis for the k298 recomaandation.

OH + CH2F 2. Nero Entry. The temperature dependance of the preferred rate expression is derived

from the data of Jeans and Kauflmsn (1982) below 400 K. The recommendation for k298 is derived

from the everqe of the roam temperature data of JeoB8 and Kauflmm (1982), Howard and Evanaon

(1978a) and Nip et al (1979). Altho_ the data of Clyne and Bolt (197gb) are consistent with the

data from the other studies, this study is not included in the least squares fit.

OH + CH3F. Hew Entry. The temperature dependeuce of the preferred rate exprassic_ Is derived

from the data of Jean& and Kau£man (1982) below 400 K. The recommendation for k298 ia derived

from the everaae of the room temperature data of Jeo_ and Kauk (1982), Howard and Evanson

(1976a) and Hlp et al (1979).

(_ + CHF2CF 3. New Entry. The only temperature dependance data for this reaction are those of

Clyne and Holt (197gb). Due to the larse discrepancy betmean the room temperature rate comstant

of Clyne and Holt (1979b) and that measured by Hartin and Paraskevopoulos (1983), and the senerelly

poor a&reement between the Clyne and Bolt date and that of other workers for many other halomethanes

and haloethanea, the C13me and Holt data were not used. The preferred value of k298 is taken

from Martin end Paraakevopoulos (1983). The temperature depI_dence was estimated by anal_s_'r with

the reaction of O_ with C1_' 3 .

06 + CHF2CHF 2. Hew Entry. For the preferred rate expression, the date of C13_e and Holt (197gb)

were rejected in favor of an eetlmated temperature dependance. The recclNmded value of k298

was obtained by adJustin6 the 294 K value of Clyne and Holt (1979b) to 298 K.

OH + CH21_F 3. The preferred rate expression was derived from the data of Gierczak et a_ (1989),

Liu et al (1990) and the room temperature data point of Martin and Paraskevop<mlos (Ig83). The

recommended value of k298 is obtained from the rate expression. The data of Clyne and Holt

(197_b) were not used. With the inclusion of the new data of Gierczak eL al and Liu eL _ this

recommendation is considerably different from that of 3PL 87-41, which was based primari_y on the

date of Jeans (1984). The newer data eu&seet that the latter study may have overestimated the

rate constant due to the presence of reactive /mpurities which can perturb this relatively slow

reaction. This recoamendation therefore results in sisnificantly (factor of 2-4) smaller rate

constants at stratospheric temperatures.

OH + CH2FCI_ 2. New Entry. The only tmrpereture dependance data for this reaction are those of

Clyne and Holt (1979b). Due to the larse discrepancy between the room temperature rate constant

of CIyne and Bolt (1979b) and that measured by Martin and Paraakevopoulos (1983), and the senerelly

poor aareement between the Clyne and Bolt data and that of other workers for several other halo-

methanes and haloethanes, the Clyne and Holt data ware not used in derivinK this reco_andation.

The preferred value of k298 is taken from Martin and Paraskevopoulos (1983). The temperature

dependance was estimated.
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Off + CH3CF 3 . Hew Entry. The only teerperature dwpo_den©e data for thls reaction are those of

Clyne sad Holt (197gb). Due to the lares discrepancy between the room temperature rate constant

of Clyne end Holt (1979])) and that measured by Martin and Pareskevopouloe (1983), end the &enerally

poor a&remnt between the CIyne and Holt data end that of other workers for several other ha_o-

methanes and heloathanas, the Clyna end Holt data were not used In dorlvi_ this reccmwmdatlon.

The preferred value of k298 is taken fra, Hattie and Paraskevopoulos (1983). The temperature

dependence was estimated by comparison with the reaction of O_ with CH2FCF 3 .

OH + CH2FCB2F. New Entry. The preferred rate expression is derived I_y ftttlns an eat/mated tuqper-

ature dependance to the room temperature data of Martin and Paraskevopoulos (1983).

G20.

G21.

OH + CR3CHF 2, C_a_sed from 87-41. The preferred rate expreasion is derived from the temperature

dependence data of Getrczak et el 41989) and Liu et el (1990) and the room temperature data of Howard

and Evermon (lg78b), Handwerk and Zellner 41978) and Nip el; al (lgYg). The data of CLyne and Holt

(1979b) were not used in thls derivation. The value for k298 Is that calculated from the exp_eaelon.

OH + CH3CH2F. New Entry. There are no temperature dependance data for this reaction. The tuqper-

ature dependence of the recommended expression was derlved by analo6y wlth malbere of the homololoue

series which includes the OR + CzH 6 end OH + CH3CBY 2 reactions. The value of k298 was taken from

the study of Nip 9._ al (1979). Sinsleton et al (1980) determined that 85 ± 3Z of the abstraction

by 06 is from the fluorine substituted met_1 Stoup.

G22.

B1.

CF302 + NO. The recommended value for the reaction of NO with this perhaloaenated metbylperoxy

radical is based on the results reported by Dosnon et al (1985) for the temperature range 230-430 K.

It is in seed asre_aent with the r_ tenperature value reported by Plumb end Ryan (1982a).

Dosnon e_t a_l have shown that NO 2 is the major product An this reaction.

OH + B2S. Cha_sed from 87-41. The values of k(298) end E/R are taken from a composite urmeishted

least squares fit to the individual data points of Perry et a_ 41976b), Cox and Sheppard (1980),

Wine et al (1981a), Leu and Smith (1982a), Michael st al (1982), Lin 41982), Ltn st al (1985),

Barnes st al 41986a), and Lafase st al (1987). The studies of Leu sad Satith (1982e), Ltnet al

(1985), Lie (1982), end Lafa&e et sl (1987) show a slight parabolic temperature dependence of k with

a minimum occurrln& near room temperature. Howtver, wlth the error limits stated In this evaluatlc_,

all data are flt reasonably well by an Arrhenlus expression. Lefase st al end Michael st al discuss

the results in terms of a two channel reaction schema Involvln8 direct B atom abstraction and

complex (adduct) formation. Lafsse et al analyzed their results above room temperature to yield

an apparent E/R - h00 K for the abstractlon charnel in seed asreoment with the E/R value determined

above ro<xn temperature by Westenber8 ennd de Bass (1973b). The results of these latter workers lie

systematically hishar (by about 70Z), presumably due to secundary reactions.

The room temperature value of Stuhl (1974) lies just outside the 2_ error limit set for k(298).

B2. O_ + OCS. The value of k(298 K) is sn averase of the determinations by Wahner end Ravishankara

(1987) end Cherts and Lee (1986). The values determined by these authors lie a factor of throe

hisber than the earlier room tlmperature measurenents of Leu and Smtt..h 41981). As discussed in

the recent studies, this difference may be due to en overcorractlon of the data by Leu end Smith

to accoont for Off reaction with H2S impurities and also to possible reseneration of OH. Beverthe-

less, the uncertainty factor at 298 K has been set to encompass the earlier study within 2_. The

work by Wahner end Ravishankara (1987) supersedes the study of Ravlshankara el; al (1980b) which

minimized complications due to secondary and/or excited state reactions interferln 8 with the

experiments of Atkinson et a__l (1978) and Kurylo 41978b). The upper limit for k(298 K) reported by

Cox and Sheppard (1980) is too insensitive to permit comparison wlth the more recent studies. The

room temperature measurements Wshner end Ravlshankare demonstrate the lack of an effect of total
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pressure (or 02 partial pressure) on the rate constant and are supported by the more ]Amlted pressure

and 02 studles of Chans and Lee. The £/R value racom_nded is that of ChanS and Lee, v_hlch is

conslderably lower than reported by Leu and Smith, althoush this difference may be due In par_ to

the earlisr-mgmtloned overcorractLon of the data by these latter authors.

Product observations by Leu and Smith indicate that SH is a l_rLmary product of this reaction and

tentatively confirm the suKKastlon of Kurylo and Laufer 41979) that the reectlon produces prackNnl-

nsntly SH + CO2 thronsh a complex (adduce) mechanism (sLmAlar to the adduct formation seen Ln the

OH + CS 2 reactions). However, the absence of an O2/pressuro effect for OH + OCS is markedly

different fr_ observations in the OH + C52 reaction system (see followins zeta).

OH + CS2. There is • conJansus of oxperialntel evidence indicattns that this reaction proceeds

very slowly as a direct b/molecular process. Wins et a_ (1980) set an upper limit on k(298 K) of

1.5 x 10 -15 cm3 molecule -1 =-1. A consistent upper limit is also reported by Iyer and Rowlsad

41980) for the rate of direct production of OCS in this reaction system, euSsosttns that OCS sad SH

are primary products of a bLmolecular process. This mechanLettc Interpretation is further supported

by the studies of Leu and S_Lth (1982_) and BLenmmm et al (1982), _hlch met somewhat hlsher upper

limits on k(298 K). The more rapid reaction rates observed by Atkinson et al 41978), Kurylo (1978b),

8nd Cox m_d _eppazd (1980) may be attributed to severe complications arls/ns from excited state

and secondary chemistry Ln their photolyLLc systems. The Cox and Sheppazd study In particular may

have been affected by the reaction of alectronicaEl_r excited C52 (produced via the 350 rm photolys£s)

with 02 (in the 1 atmosphere synthetic Ltr miX) as well as by the acceleratins affect of 02 on the

OH + CS2 reaction which has bean observed by other workers and is sumnartsed below. The importance

of the electronically excited CS2 reaction An the tropospheric oxidation of CS2 to OCS has been

dLacussed by Wine et al (1981d).

An eccelarat/ns effect of 02 on the OH + C52 reaction rate has been obeeEved by Jones et al (1982),

Barnes et a__ (1983), and HTnas et al (1988), aXonS with a near m_Lty product yield _or SO2 md

OC5. In the 1attar two studies, the effective bia_lsculsr rate constant was fouad to be a function

of total pressure 402 + N2) as well, and exhibited an appreciable nesative teewezature dependence.

Then obaarvatLons are consistent with the £onmatlon of a ions-Lived adduct as postulated by [urylo

4197_b) and [ur71o and Laufet (1979), followed by its reaction with 02:

OH + C5 2

h a

+ MbHCCS2 +M

k
c

IKES 2 + 0 2 -. Products

Bynes et al (1988) have, in fact, directly observed the approach to equAl/bED-- in this rave:sible

8dduct foxmation. In their study, the equilibrium constant was r,,eaaured as a function of tempera-

ture sad the heat of fox:nation of I_OCS2 calculated 4-27.4 kcalfmolo). A raar_anSsmant of this

adduce fo]-_owed _ dissociation into OCS and 5H corresponds to the low k (htmolecular) channel

referred to earlier. Hynes et al 41988) measure a rate constant for this process in the absence

of 02 (at approximately one atmosphere o£ N2) to be < 8 x 10 -16 cm 3 molecule "1 s -1. The

effective second-order rata constsat for CS2 or OH removal in the above reaction scheme can ha

expressed as
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where PO2 is the partial pressure of 02 m_d PN equals PO2 + PN2" The validity of this expression

requires that k a and kb are invariant with the Poz/PHz ratio. A 1/k ve 1/PO2 plot of the data of

Jones e_t al (taken at atmospheric pressure) e_hAbite marked curvature, sussestins a more complex

mechanistic involvement of O2, _hereas the data of Barnes et al end H_mas et al are more satisfac-

torily represented by thls analyals. Nevertheless, while the qualltatlve features of the data

from all three laboratories aszee, t_ere are some quantitative inconsistencies. First, onder

similar conditions of 02 end H2 pressures, the Barnes et al rate constants IAe approx/mately 60Z

hlshar than those of Jones at a_ and up to a factor of 2 hisher then the measurements by Revlshanka:a

et el, Secondly, two fits each of both the Barnes end Eynes date can be made: one at fixed PM and

varying P02' and the other at fixed P02 s_d varying PM (i.e., varyLng added R2). Within each

data set, rate constants calculated from both fits saree reasons]bly well for mole firactione of 02

near 0.2 (equivalent to air), but disaBree by more than a factor of 2 for meesurammts in a pure 02

system. Finally, the temperature dependence (from 254-293 K) of the kaf f values from Barnes et el

varies sTstematlcally from an E/R of -1300 K for runs in pure 02 (at 700 tort total pressure) to

-2900 K in a 50 tort 02 plus 650 tort N2 mixture. An Arrhanius fit of the Hynos el a_ data (from

251-348 ][I recorded in s]mthetic air at 690 tort ylel_ls an E/R - -3300 K, althoush the date show

marked curvatu=e over the temperature tense of study. These observations susseet that k a and k b

may not be independent of the identity of M. For this reason, we llmlt our recmmendatlon to air

mixtures (i.e., Po2/PI42 - 0.25) at atmospheric pressure. Since most CS 2 is oxidized within the

atmospheric boundary layer, such restriction does not lieLtt the applicability of this reccm_ndation

iu atmospheric modeling.

The present reccm_ndation accepts the measurements of K_mee el al (1988) which appear to be the

moat sensitive of the three investisations. Thus, k(298 K) is derived from the Arrhenius fit of

the data near room taqperature

k(298 K) = 1.2x10 -12 ore3 molecule-1 a-1

The uncertainty factor (f298 " 1.5) encompasses the results of Barnes el a_ (1983) within 2_.

To compute values of k below 298 K we have accepted the analysis by Hynes e_t e_l.

k(T) - {1.25x10 -16 oxp(4550/T)}/{T + 1.81xl0 -3 oxp(3400/T)}

Agaln, this recomne_datlon is valid only for one atmosphere pressure of sir. It is interestlns to

note that measurements by Hynes et al (19881 at approxlmetely 250 K and 700 torr total pressure

result in kef f values which are independent of the amount of 02 for partial pressures between

145-680 tort. This sussest| that the adduce As quite stable with respect to dissociation into the

reactants (OH + CS 2) at this low temperature and the effective rate constant for reactant removal

approaches the elementary rate constant for the adduce formation. Clearly additional work may be

needed hefo=e the full details of this complex reaction are understood.

H4. O + B2S. This recoamondation is derived from an unweishtad least squares fit of the data of

Sinsleton st al (1979) and _ytock e__ a_l (19761. The results of Slasle e_t a__l (1978) show very

8cod asreement for E/R in the temperature resion of overlap (300-500 K) but lie systematically

hisher at every temperature. The uncertainty factor at 298 K has been chosen to encompass the

values of k(298 K) determined by Slasle el a__l (1978) m_d Hollinden e__t a_l (1970). Other than the

263 K data point of Wnytock et el (1976) and the 281 K point of Slasle et a__l (1978) the main

body of rate constant data belcee 298 K comes from the study of Hollinden el a__l (1970), which

indicates a dramatic chanse in E/R in this temperature reaion. Thus, AE/Rwas set to accoont for

these observations. Such a non-linearity An the Arrhenius plot misht indicate a chs_se in the

reaction mechanism from abstraction (as written) to addition. An additional chea_nel (resulting in

H-atom displacement) has been proposed for this reaction by Slaele e._tel (1978), Singleton e__ta_l

(19791, and Sinsleton s__ta__l(19821. In the two Sinsleton studies _m upper limlt of 20Z is placed
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on the displace_mt charnel. Direct observation of product HSO was made in the recent reactive

scatterins experiments of Clams et al (1981) end Davidaon et a_J,(1982). A threshold enersy of

3.3 kcal/mole was observed (similar to the activation enerBy measured in earlier studies) sussestln6

the importance of this direct displacement chmmel. Addition products from this reaction have been

seen in a matrix by Smardzewskl and Lin (1977). Further kinetics studies An the 200 to 300 K

raise as well as quantitative direct mechanistic information could clarify these issues. This

reaction is thouKht to be of limited stratospheric importance, however.

HS. 0 + OCS. The value for k(298 K) is the averase of five different studies of this reaction:

Westenbers and de Haas (1969a), Klemm and Stief (1974), Wel and Tinm_s (1975), Marmlns et al

(1976) and Breckenridse and Miller (1972). The recosme_ded value for E/R is the averese of those

determined in the temperature studies reported in the first three referemces. Bsuet a_ (1979)

report that this reaction proceeds exclusively by a at_tppins mechanism.

H6. 0 + CS2. The value of k(298 K) is the averqe of savan determinations: Wei and Tlmmons (1975),

Westenber8 and de Haas (1969a), Slesle et al (1974a), Callear and Smith (1967), Callear and

Hedses (1970), Ekxaann et al (1968), and Graham and Gutaan (1977). The E/R value is an averase of

those determined by Wei and Tie.one (1975) and Graham and Gutamn (1977). AE/R has bean set to

encompass the limited temperature data of Waste®_er6 and de Haas (1969a). The principal reaction

products ate thousht to be CS + SO. However, Bsuet al (1979) report that 1.41 of the :eaction

at 298 K proceeds throush the cha_nel yieldin8 CO + S2 and calculate a rats constant for the overall

process in qreement with that reccemended. Graham and Gutmen (1977) have found that 9.6I of the

reaction proceeds to yield OCS + S at room temperature.

HT. S + 02. This recommendation is based prlamrily on the study of Davis et al (1972). Modest

asreement at 298 M is provided by the studies of Fair azd Thrush (1969), Fair et al (1971), Donovan

and Little (1972) and Clyne and Townsend (1975). The study by Clyne and Whitefield (1979), which

indicates a sltshtly nosetive B/R hotwean 300 and 400 K, is encompassed by the present reccu,=andetton.

Ha. S + 03. This reccee.exlation accepts the only available experimental data; that from Clyne and

Tmmsand (1975). In the s am- study these authors report a value for S + 02 in reasonable

esreement with that recomMmded. The error limit cited reflects both the asrasment end the need

for independent confirmation.

B9. S + OH. This recommendation is based on the sinsle study by Jourdain et al (1979). Their measured

value for k(298 K) cc_pares favorably with the reccmnended value of k(O + OH) when one considers

the slishtly 8reater exotheDticity of the present reaction.

HIO. SO + 02. This reconmea_datinn i8 based on the l_m temperature measurements of Black et al (1982a,

1982_). The rocm temperature value accepts the latter results, as recoemeuded by the authors.

The oncertalntles cited reflect the need for further confirmation and the fact that these results

lie slsnificantly hisher than an extrapolation of the hasher temperature data of Bc_mn et all

(1968). A ross temperature upper Ltn_t on k set by Ereckenridsa and Miller (1972) is in seed

asrasment with the Black et al data.

Bll. SO + 03 . The value of k(298 K) is an averase of the determinations by Halstsad and Thrush (1966),

Robertshaw and Smith (1980), and Black et al (1982a, 1982b) usir4 widely differin6 techniques.

The value of E/R is an averaSe of the values reported by Halsteed and Thrush (1966) and Black e__ta l

(1982b), with the A-factor calculated to fat the value recc_nended for k(298 K).

H12. SO + Off. The value recommended for k(298 K) is an averase of the detemlnatlons by Fair and Thrush

(1969) and Jourdain et al (1979). Both sets of data have been corrected ustn8 the present

recon_endation for the 0 + OB reaction.
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H14.

HIS.

H18.

H17.

HI8.

H19.

H20.

H21.

SO + NO 2. The value of k(298 K) is an avaraSo of the measuremants by Clyne end HscRobert (1980),

Black eL al (1982a), and BrmminS and Stief (1986a), which qree quite will with the rate constant

calculated from the relative rate measurements of Clyna eL a__ (1966). The Arrhenlus parameters

are taken from Brmmlns and Stief (1988a).

SO + CIO. The value of k(298 K) is an avorase of the measurements by Clyne and HacRobert (1981)

and by Brumnl_ and Stief (1986a). The temperature IndelMmdance is taken from Brumnln8 and Stief,

with the A-factor calculated to fit the value of k(298 K).

SO + OC1D. Thls recomnandation ls based on the slnsla race temperature study by Clyne and MacRobart

(1981). The umcertainty reflects the absence of amy cat.trainS invastisetion.

SO + BrO. This recommendation is based on the moasuremsats of Brunnins and 5tief (1986b) performed

under both excess BrO and excess SO conditions. The rate constant Is supported by the lower limit

aasisned by C13_a and MacRobert (1981) from measurements of SO 2 pL_<Juctlon.

SO2 + Be2" This upper limit Is based on the atmospheric pressure study of Graham st el (1979).

A low proasuro laser masnetlc resonsmco study by Burrows eL al (1979) places a somewhat hi&her

upper limit on k(298 K) of 4 • 10 -17 (dotoFm4ned relative to OH + H202). Their limit is based on

the assumption that the products are OH + SO 3. The welsht of both these studies suSSests an error

In the earlier detorm_ation by Paine eL 8_ (1973).

SO2 + CH302" This reccemandattou accepts results from the study of Sander and Watson (1981a),

which is believed to be the must appropriate study for stratospheric mudaltnS purposes amou8 those

which have bean conducted. Their exper_ts were conducted usins much lower _302 radical

concentrations than in the earlier studies of Sanhuesa et al (1979) and Ken eL 81 (1979). both

of which resulted In k(298 K) values epproxJJnately 1O0 times larser. A later report by ]Can eL al

(1981) postulates that these differences are due to the reactive removal of the CH302SO 2 adduct at

hish CH302 radical concentrations, prior to its reversible decomposition into CH302 + SO2" They

sussest that such behavior of CE202SO 2 or Its equilibrated edduct with 02 (CH302SO202) would be

expected in the studies yte_dln8 hlsh k values, while deconpositlon of OH302SO2 into reactants

would dominate In the Sander and Watson experiments. It does not appear likely that such secondary

reactions involvin s CH302, NO, or other radical species, If they occur, would be rapid enoush

under normal stratosphere conditions to co_leta with the edduct decomposition. This Interpreta-

tion, onfortunataly, does not explain the hlsh rate constant derived by Cocks at al (1986) u_der

conditions of low [CH302].

SO2 + NO2; SO3 + NO2" The reccamandations for both of these reactions are based on the study of

Penzhorn and Canosa (1983) uslns second derivative uv spectroscopy. The upper limit &ivan for

k(298 K) in the SO 2 reaction is actually their manured value. However, their observations of

stress heterosenaous and water vapor catalyzed effects prompt us to accept their measurement as an

upper limit. This value is approximately two orders of masnltude lower than that for a dark reaction

observed by Jaffa sa_d Klein (1988) in NO 2 + SO2 mixtures (much of which may have been due to

heterogeneous processes). Pemzhorn and Canosa sugaest the products of the SO 2 reaction to be

NO + SO 3. They observe a white aerosol produced in the reaction of NO 2 wlt_ SO3 end interpret it

to be the adduct NSO 5. This claim Is supported by ESCA spectra.

SO 2 + NO 3. This reconmended upper limit on k(298 K) is the result of Daubandiek end Calvert (1975).

Considerably more conservative upper limits have beam derived by Burrows eL _ (1985b) and Wallinston

et al (1986a), Canosa-Mas s_tt a__l (1988), and Dlusokencky and Howard (1988).

SO2 + 03' This reccame_dation is based on the limited data of Davis et a__1 (1974b) at 300 K and

360 K in a stopped-flow invastlaation usin& mass spectrometric end uv spectroscopic detect/us.
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H22. SO 3 + H20. New Entry. This recommendation is based on the maasur_nts of Wan& _ a__ (1988).

Althouah these authors attempted to exclude any hetero&eneous effects from their experiments, they

conclude that their measurements must still be viewed as yLeldin& an upper limit to the see phase

homoseneous reaction rate. An earlier reported hIshar rate constamt value by Castlemsn et a_ (1975)

may have resulted from an ondarestimatio_ of the effects of heterosenaouz reaction in this study.

H23. Cl + H2S. The value of k(298 K) is an averasa of the measurements by Naebitt and Leone (1980),

which refines the data of Bralthwaita and Leone (1978), CIFne and One (1983), Clyne _L_ al (1984),

and Nave at al (1985). The zero activation enersy is derived from the data of Nava st al and

the A-factor is calculated to saree wLt_h k(298 K). Lu et al (1986) also measure s temperature

independent rate constant, and their larser value of k(298 K) - 10.5 • 10 -11 may be indicative of a

slight pressure dependence for the reaction, since their experiments were performed at 4000 torr.

H24. Cl + OCS. This upper limit is based on the mlnlmms detectable decrease in atomic chlorine measured

by EiblLns and Kaufman (1983). Based on the observation of product SCl, these authors set a lower

limit on k(298 K) of 10 -18 for the reaction as written. Considerably more conservative upper

limits on k(298 K) were determined in the studies of Clyna e_ al (1984) and Neva et al (1985).

H25.

H28.

H27.

C10 + OCS; C10 + SO2. These rocomNndatLons are based on the discharsa flow sea epectrometrLc

data of Etblins and Kaufman (1983). The upper limit on k(298 K) for CIO + OCS was set from the

mlntmun detectable decrease of ClO in this reaction system. No products were observed. The upper

limit on k(298 K) for CIO + SO2 is based on the anthers' estimate of their detectability for SO3.

Their estimates of k(298 K) based on the minimum detectable decrease in C10 have _ot been used

hecanse of the potential problem of C10 reformation from the CI + 03 source reaction.

SH + H202. This recom=ended upper limit for k(298 K) la based on the sinsla study of Fried1

e_t al (1985). Their value is calculated from the lack of Sa decay (_.asured by laser-induced

fluorescence) and the lack of OH production (muasured by resonance fluorescence). The three

possible product channels are: H2S + He2, BSCB + OR, and ESO + H20.

SE + O. This raccums_dation accepts the results of Cupitt and Glass (1975). The larse oncertalnty

reflects the fact that there is cmly one study of the reaction.

H28.

H29.

SH + 02. This upper limit for k(298 K) is based on the study by Staclmtk and Maline (1987) £n

oxpariments sensitive to the production of (M. Here conservative upper Limits on k(298 K) of

1.0 • 10-17 and 1.5 • 10 -17 wero ass18ned by Frledl et el (1985) md Ws:_ et al (1987)

respectively from detection sensitivities for OH production and S_ decay, respectively. An even

hisher upper limit by Black (1984), based on the lack of SH decay, may have bean complicated by

SH resaneratLon. Much less sensitive upper limits had been calculated by TLea et el (1981),

Nielsen (1979), and Cupitt m_d Glass (1975). Stachnlk and MoLtna (1987) also report a more

conservative upper limit 4<1.0 x 10 -18 ) for the rata constant for the sum of the two Sff + 02

reactlon channels (producins OH + SO and H + SO2 ) .

SH + 03 . The value for k(298 K) is an averase of the deteminations by FriedL st el (1985)

(laser induced fluorescence detection of SH), Schonle st al (1987) (mass spectrometric detection

of reactant SH and product [[SO) am revised by Schindler and Banter (1988), and Wens and Howard

41989) (laser masnetLc resonance detection of SH). The temperature dependance is from WaD8 and

Howard, with the A-factor calculated to aEree with the reco_Mmded value of k(298 K). A(E/R)

reflects the fact that the t_erature dependence comes from measurements above race temperature

and thus extrapolation to lower temperatures may have additional oncertainties.

H30. SH + NO2. This recommendetLon accepts the measurements by Wane et al (1907). These authors susaast

that the lower values of k(298 K) measured by Black (1984), Frledl e__ta l (1985), and Bulatov st e._l
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H31,

H32.

H33.

H34.

(1985) are due to SH resenetation from the H25 source compound. Zn the recent •tudy bY Staclmik

and Mollna (1987), attempts were made at mlnlmizins such regen•ratAon. These authors _btained a

k(298 K) value sisnlficantly hlsher than did the ••rller Invastlsators, but •till 30Z Immr than

that measured by Wan8 et 81, who used two independent SH source reactiorm. A sLtshtly hi•her rate

constant value measured by Schonle et al (1987) as revised by Schlndler and Bentar (1988) has not

been taro•mended due to the scme_at limited date base for theLr determination. The reaction ••

written represents the moat •xothermic chm'w, al, The absence of a primary Isotope effect, as observed

by Wens _ a_ (1987), coupled w£th the 11_se magnitude of the rate constant, •uS&e•t• that the

(fear-center Intermitter•) chennals producins SO + HNO and OH +SHO are of m/nor importance. No

evidence for a three-body combination reaction was found by elthar Black (1984) or Frledl st al

(1085). Based on a pressure independence of the rate co_stant between 30 end 300 tort, Black set

an upper limit of 7.0 • 10 -31 for the third body rate constant. Similarly, Stachnik and Maline

(1987) saw no chang• in decay rate between 100 end 730 tort with 02 (althouah the•e 02 experiments

were designed primarily to limit SH regeneration).

ESO + Re, ESO + NO2, ESO + 02. Tha•e recess•halations for •11 th:ee roact£ons are based on the

me••uremont• of LoveJoy e_ si (1087), who used least malin•ttc resonance detection to monitor Bee

in a di•cberae flow reactor. Their upper limit for the lID reaction is a factor of 25 lower than

the rate constant measured by Bulatov et a__ (1985) ,,_inB int,•cavity laser absorption at pressure•

between 10 sad 100 tort. Since it is unlikely that than reaction rate underseas a factor of 25

increase between 1 tort (the pressure of the Lay•Joy st al work) and 10 tort, the hi•her rate

con•tent may be due to second•x7 chemistA-y associated with the HSO production.

The recomaandation for the NO2 reaction is • factor of two htshe: then the rate constant reported

by Bulat_v •_t 81 (1984). Lay•Joy o_ al have attributed this difference to HSO reSeneration

under the experinMmtal conditions used by Bulatov et el. (1984). The product assisnment for the

NO2 reaction is discussed in note H33."

HSO + 03. Thi• raccume_dation i• based on th• sinale determination by Friedl e__ aZ (1985) in

their study of the SH + 03 re•ction. At hisher 03 conce_tratio_m, sreater quantities of _SO

were produced in the flc_ tube and SH approached a steady state due to it• rosaneration via

HSO + O3, The rate ccmstant for this latter reacttom was tl'_• determined relative to SH + 03

frca measurements of the •toady state SH concentration as • function of the initial SH concentra-

tion. The lack of an isotope affect when SD was employed •ussests that the products of the

HSO + 03 reaction are SH + 202 (analosous to those for SO2 + O3)"

HSO 2 + 02. ?hi• recom_mdatlon is based on the rate of SO2 formation measured by Lava Joy e_ al

(1987) upou addition of 02 to the HSO + NO2 roactlon sy•tm. Whll• HSO 2 was not @served dlrectly,

a consldaration of the mechanistic possibilltias for I_O + He2, cc_p]_ed with measuremea_ta of the

[]02 production rat• at various 0 2 pressures, led these authors to sues•st that HSO 2 i8 both a

major product of the ESO + NO 2 reactlon end 8 precursor for He2 via reaction with 0 2 .

HOSe 2 + 02. This recce_.endatlon is based on the studies of Gee•son e_ al (1987) end Gleason and

Howard (1988), in which the Hose 2 reactant was directly monltored usln_ a chemical ionization mass

spectrometric technique. Gleason and Howard conducted their measurements over the 297-423 K

temperature ranae, constltutln_ the only tee_porature deper_emce lnvo•tlaatlon. Thus AE/R has been

increased from their quoted limits to account for the potential uncertainties in extrapolatin8

their data to subsmbient te_eratures. The vagus of k(298 K) derives further support from the

studies of Marsitan (1984a) end Martin e_tt _ (1986), both of whom used modelln8 fits of OH radical

decays in the OH + SO2 + M reaction system in the presence of O2 and NO. In this latter analysis,

the H_SO2 (produced by OH + SO2 + M) reacts with 02 yteldin8 He2, which subsequently resenerates

OH throuah its reaction with NO. The infrared spectrum of Bose 2 has been recorded in low tempera-
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H35.

H36.

H37.

H38.

B39.

Lure matrix isolation experiments by Hashlmot_ et al (1984) end Nagasa e_tt al (1988). Mass spectro-

metric datactlc_ of BOSO 2 in the Sea phase has also been reported by Esssaard e_t a_l (1988).

H2S + NO 3 . This recommendation accepts the upper limit set by Dlusokencky and Howard (1988)

baaed on experiments in which the NO 3 loss was followed in the presence of lares concentrations of

H2S. More conservative upper limits for the rate constant have been reported by Wallinston et al

(1986a) and Central1 e__t al (1987).

CS + 02 . The recommendation 6ivan for k(298 K) is based on the work of Black a_t a__l (1983) usin 6

LIF to monitor CS decays. This value asraes with the some_hab less precise determination by

Richardson (1975) usin80CS formation rates, au&gastin6 the validity of the reaction products as

written. The latter author presents evidence that this reaction channel dominates the one producing

SO + CO by more then a factor of 10. Measurements by PAchardson st 293 K and 495 K yield an E/R

value of 1860 K. However, usa of this activation enarsy with the recommended value of k(298 K)

results in am unusually low Arrheniua A-factor of 1.5 • 10 -16. In view of this, no recommendation

Is presently Slven for the temperature dependence.

CS + 03; CS + NO 2. The k(298 K) recommendations for both reactions accept the results of Black

e t a__1 (1983), who used LIF real-time detection of CS in a laser photolysis experiment at room

temperature. The uncertainty factor reflects the absence of any conflrmin& measurements.

OH + CH3SH. New Entry. The race,ended values ware derived from a composite fit to the data of

Atkinson at al (1977b), Wine a__t a_ (1981a), Wine et al (1984a), and Hynes and Wine (1987) which

are all in excellent asreem4mt. The results from the relative rate study of Barnes e__t a._l (1986)

are in asraement with this recommendation and indicate that the htsher values of Cox and Sheppard

(1980) are due to complications raaultins from the presence of 02 and NO in their reaction system.

MacLeod at a_l (1983, 1984) end Lee and Ten s (1983) obtained rate constants at 298 K approximately

50Z lower then reccamonded here. These authors al_o obtalned lower values for the ethanethlol

reaction when compared with the studies upon which the methanethlol raccamendation is made. Wine

e_t a_!l (1984a) present evidmlca that this reaction proceeds via adduct formation to produce a species

which is thermally stable over the temperature ran&e and time scales of the kinetic measurements.

Bynas and Wine (1987) failed to observe any effect of 02 on the measured rate constant.

OH + CH3SCH 3 . New Entry. This recom_endatlon avarasea the results of Eynes et a__ (1986b), end

Wine et al (1981a) with those of Hsu et al (1987c). The earlier, hisher rate constant values of

Atkinson el; al (1978) _ Kurylo (1978a) were presumably due to reactive Jmpurltles, while those

of MacLeod et _ (1983) were most Likely overastlmoted because of heterosoneous reactions. Rate

constants lower then those racomn_dad were obtained by Martin et al (1985), Wallinston et al

(1986b), and Nielsen st al (1989). While the reasons for these differences are not readily apparent,

these results are encompassed within the 2o error limit of the recoamwndation. Hynes et al

(1986b) have demonstrated the importance of a second reaction channel involvin8 addition of OH to

dimetbyl sulfide. The edduct formed decomposed rapidly, so that in the absence of any adduct

acavansar only the direct abstraction charmal Is measured. The recommendation 8ivan in Table 1 is

for the abstraction reaction. In the presence of 02, however, the adduct reacts to form a variety

of products. This effect of 02 has been sussested as an axplsnatlon for the hisher rate constants

obtained in m_y of the earlier.relative rate studies. Hynes et al (1986b) Siva the following

expression:

kob s - {T exp(-234/T) + 8.48x10 -10 axp(7230/T) + 2.68x10 -1o exp(7810/T)}/

{1.04x1011 T + 88.1 exp(7460/T)}
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H40.

H41.

H42.

B43.

H44.

H45.

H46.

H47.

H48.

H49.

H50.

+ CH3SSCH 3. New Entry. This recctaendation is based on the study of Wlne et a_ (1981a). The

room Temperature relative rate study by Cox and Sheppard (1960) is in seed a&raement with the

reccmnended value. The value of AE/R reflects the existence of only one temperature dependence

Invsstisatic_.

NO3 + CH3_. New Entry. The rec_nded values are derived from a composite fit to the data of

Walllnston et _ (1906a), Rsl_en p__ al (1968), and DluSckencky and Howard (1986). The room temper-

ature rate constant derived in the relative rate experAme_ts of MacLeod et al (1986) is in seed

asreement with the recomended value. The experimental data from _hese Invastlsation= show that

the rate constant is independent of pressure over the ranse 1-700 tort.

NO 3 + CH3SCH 3 . Hem Entry. The receded values are derived from a composite fit to the data of

Wallinston et Jb_ (1986a), Tyndall et 81 (1986), and Dlu6okenck7 and _ward (1988). The relative

rate study of AtkLnaon et al (1984b) elves a roam temperature rate constant in seed asreemont with

this reco_ation. The experimental data f_ these Invastisatlo_s show that the rate constant

is independent of pressure over the rs_Se 1-740 tort. A recent room temperature study by Daykln

and WAne (1969) is also in asreement with the recommended value.

NO3 + CII3SSC_ 3. New Entry. The recommended values were derived from a composite fit to the data

of Wallinston et al (1986a) and Dlusokenck7 and Howard (1988). A recent relative rate Inveatisation

by Atkinson st a_ (1988) indicates that the relative rate technique cannot be considered as yleldin8

reliable rate data for this reaction due to chemical complexities. Thus, the much lower room

temperature results from the study of MacLeod et al (1966) can be considered to be in error.

NO3 + CS2. New Entry. This upper limit is based on the study of Burrows et 81 (1965])). A more

conservative upper limit was derived in the relative rate study of MacLeod et al (1986.

NO 3 + OCS. New Entry. This upper llmAt is based on the relative rate data of HacLeod et al

(1986).

CH3S + 02. New Entry. This upper limit is based on the recea_t study of Tyndall and Ravishankara

(1989a). Here conservative upper limlts were derived in earller studies by Balla et al (1966) and

Black and Jusinski (1986).

CHsS + 03. New Entry. This reccmmndation is based on the sinsle room tasqperature determination

of Tyndall end Ravishankara (1989b). A failure to observe sisnificant reaction in the earlier

study of Black and dueinakl (1986) is interpreted as due to rapid reseneration of CH3S in their

system. The umcertainty factor reflects the analysis difficulties and the absence of additional

confirmins studies.

CH3S + NO2. New Entry. This recounendation averasas the recent results of Tyndall and Ravishankara

(1989a) and Domtne end Howard (1989). An earlier study by Balla et a__l (1966) yielded a room temper-

ature rate constant nearly a factor of 2 hisher which may be attributed to secondary reactions at

hisher radical concentrations.

CH3SO + 03. New Entry. This recos_endatlon is based on the study of Tyndall end Ravishankara

(1989b). These authors derive this value from a complex analysis of the CH3S + 03 reaction

system.

CH3SO + NO2. New Entry. Thls recommendation is based on the direct measuresHmts of Ikxnine and

Howard (1989). The results are supported by the somewhat less direct measurements of Tyndall and

Ravishankara (1989a) who modeled NO formation in the CB3S + NO2 reaction s_stem.
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J1.

J2.

J3.

J4.

JS.

Ja.

37.

38.

0"9.

Jl0.

Jll.

J12.

Na + 03. The reccmnendatiOn is the sveraSe of measurements of Horsnop et a_ (1989) and Aaer et al

(1986). These values are In excellent asreement. The data of Worsnop e__ a__1supersedes earlier work

from that laboratory (Silver a_d Kolb, 1986e). Measurements made by Busain e._ta__l41985) at 500 K

are consists_t with the racou_endatlon but are r_t included because they did not recosntze that

secondary chemistry, NaO+ 03 _ Ha + 202, interferes wlth the rate coefficient measurement. Aser

e_t al 41986) estlm_ta that the NaO 2 + 0 product charmal S 5X.

Na + 820. The reccnmendation incorporates the data of ltuaain and Harebell (1985), Aser et al

(1988), and Silver and Kolb (1985a). Husaln and Marshall and A_er et al measured the temperature

dependence over the ransas 349 t_ 917 K and 240 to 429 K, respectively, and are in seed asreement.

Measurements by Plane a_d R_Jasekhar (1988) and Worsnop e_ al (1989) are consistent with the

recommendation. Silver and Kolb measured a rata coefficient at 295 K which is about 35Z lower

than the other two. Earlier less direct studios are discussed by Aser et al (1986). The NaO

product does _ot react sisntficantly with N20 at room t4mperatuze (k (_or lid + N2 + 02 products)

S I0 -16 cm3 molecule -I s-1 and k (for HaO 2 + H2) • 2 x 10"15 Aaer et el).

Ha + C12. Two measurements of the rate coefficient for this reaction are in excellent asreemant:

Silver (1988) and Talcott at al (1986). The recoemanded value is the averaBe of these room

temperature results.

HaO + O. The rsco_me_detio_ is based on a measurement at 573 K by Plane and Husain 41986). They

reported that _ 11 of the Ha product is in the 32p excited state.

NaO+ 03 . This reaction was studied by Silver and Kol_ (1986a) and Aser e_ al (1986), who saree

on the rate coeffictmlt and bre_nchins ratio. This asreemnt may be fortuitous because Silver and

KoLb used an indirect method and an analysis based on their rate coefficient for the lla + 03

resctlon _hich is about 1/2 that reported by ASer p._ 2- Aser 9._ _ m_ployed a somewhat more

direct measurement but the study is co_pllceted by a chain reaction mechanism In the He/O 3 system.

HaO + H2. The recomnandation is based on a measurement by Aaer and Howard (1987a). They also

reported a sisnlficant Ha + H20 l_udu¢t chmmel and that a small fraction of the Ha from this
charmel is in the 32p excited state,

lisa + H20. The recom=endation is based on a measurement by Aaer and Howard (1987a).

Nee + NO. The racommer_atlon is based c_ lm indirect measurenxmt reported by Aaer ,e_ a__l (1986).

Nee + I]CI. There is only one indirect measurement of the rate coefficient for this reaction, that

from the etud_ of Silver et a_ (1984a). They indicate that the products are Ha(:]. and OH, althouq;h

some }iaCl_ and CI production is not ruled out.

Nee 2 + NO. This reaction is endothez_tc. The upper l/sit recomHnded is from an experimental

study by Aaer e_t al (1986).

NaO 2 + BCI. The reco_endation Is baaed on a measurement reportud by Silver and Kolh (1986b),

They indicated that the products are HaCI + B02, but HaOOH + C1 may be possible products.

HaOH + BCI. The recoe_endatlon is based on the study of Silver _ a_ (1984a), which is the only

published study of this reaction.
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Table 2. Race Constants for Three-Body ReacClons

Low Pressure Limlt a

ks(T) = k_OO(T/aOo)-n

Hish Pressure Limlt b

ki(T) = k:00(T/300) -m

Reaction k 300 n k: O0 m Notes
0

M

& 0 + 02 * 03 (6.0i0.5)(-34) 2.3i0.5 - - 1

M

o(1.)+ N2 - N20 (35±30)(-37) - - 2
M

& H + 02 * HO2 (5.7±0.5)(-32) 1.6i0.5 (7.5i4.0)(-11) 0±1 3

H

OH + OE _ H202 (6.9f3.0)(-31) 0.8±_';,, (1.5±0.5)(-11) 0±0.5 4
*

M

O + NO * NO2 (9.0±2.0)(-32) 1.5±0.3 (3.0±1.0)(-11) 0±1 5

M

O + NO2 _ NO3 (9.0±1.0)(-32) 2.0±1.0 (2.2±0.3)(-11) 0±1 6

M

OH + NO _ HONO (7.0±2.0)(-31) 2.6±1.0 (1.5±1.0)(-11) 0.5±0.5 7

M

O_ + NO2 * HNO3 (2.8±0.3)(-30) 3.2i0.7 (2.4±1.2)(-11) 1.3fl.3 8

M

HO2 + NO2 _ HO2NO2 (1.8±0.3)(-31) 3.2_0.4 (4.7il.0)(-12) 1.4±1.4 9

H

& NO 2 + NO 3 _ N205 (2.210.5)(-30) 4.3±1.3 (1.5±0.8)(-12) 0.5±0.5 10

M

C1 + NO _ C1_O (9.0+_.0)(-32) 1.6±0.5 - - 11

M

C1 + NO2 _ C1ONO (1.3±0.2)(-30) 2.0±1.0 (1.0±0.5)(-10) 1±1 12

M

C1NO 2 (1.8±0.3)(-31) 2.0±1.0 (1.0±0.5)(-10) 1±1 12

M

• CI + 02 _ C100 (2.7±1.0)(-33) 1.5±0.5 - - 13

M
# C1 + CO_ CZCO (1.3±0.5)(-33) 3.8±0.5 - - 14

M

• CI + C2H 2 _ CIC2H 2 (8.0±1.0)(-30) 3.5±0.5 (1.0±0.5)(-10) 2.8±0.5 15

M

• C10 + CIO _ C1202 (1.8±0.5)(-32) 3.6±1.0 (6.0±2)(-12) 0±1 16

M

& C10 + NO2 _ CIONO 2 (1.8±0.3)(-31) 3.4±1.0 (1.5i0.7)(-11) 1.9il.9 17

ko(T)[M] {1 + [lOSl0Cko(T)[M]/kICT))]2}-I
Note: k(Z) = k(M.T) - ( ) 0.6

1 + ko(T)[M]/k,(T)

The values quoted are suitable for air as the third body, M.

s Units are cm6/molecule2-sec

b Units are cm3/moloculs-ssc

* Indicates a chanse from the previous Panel evaluation (JPL 87-41).

& Indicates •chanss in the nots from the previous evaluation.

# Indicates • new entr7 that was not In the previous evaluation.
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Table 2. (Continued)

Low Pressure Limlt a

ko(T) = k_00(T/300) TM

High Pressure Limlt b

ks(T) - k_00(T/300) -m

Reaction k 300 n .300
o K_

Notes

M

* BrO + NO2 _ BrONO 2 (5.2_0.5)(-31) 3.8±1.0 (9.0±1.0)(-12) 2.3_1.0

M

* F + 02 _ FO2 (4.4±0.4)(-33) 1.2±0.5 - -

M

P + NO _ FNO (5.9f3.0)(-32) 1.7±1.7 - -

M

F + NO 2 _ Products (1.1±0.6)(-30) 2.0±2.0 (3.0f2.0)(-11) 1±1

M

FO + NO2 _ FONO 2 (2.6±Z.0)(-31) 1.3±1.3 (2.0±1.0)(-11) 1.5±1.5

M

* CH 3 + 02 _ CH302 (4.5±1.5)(-31) 3.0±1.0 (1.8±0.2)(-12) 1.7±1.7

M

# C2H 5 + 02 _ C2H502 (2.0±1.5)(-28) 3.8±I.0 (5.0±3.0)(-12) 0±i

M

& CH302 + NO 2 _ CH302NO 2 (1.5±0.8)(-30) 4.012.0 (6.5±3.2)(-12) 2_2

M

OH + SO2 _ HOSO 2 (3.0±1.0)(-31) 3.3±1.5 (1.5±0.5)(-12) 0±_

M

OH + CzH 4 _ BOCHzCH 2 (1.5±0.6)(-28) 0.8±2.0 (8.8±0.9)(-12) 0±_

M

& OH + C2H 2 _ IKEHCH (5.5f2.0)(-30) 0.0±0.2 (8.3±1.0)(-13) -2±_

M

CF 3 + 02 _ CF302 (1.5±0.3)(-29) 4±2 (8.5±I.0)(-1Z) 1±1

H

CFCI 2 + 02 _ CFCI202 (5.0±0.8)(-30) 2_2 (6.0±1.0)(-12) I±I

M

CCI 3 + 02 _ CCl302 (i.0±0.7)(-301 2f2 (2.5±2)(-12) 1±1

M

* CFCI202 + NO 2 _ CFCI202NO 2 (3.5±0.5)(-29) 5±1 (6.0±I.0)(-12) 2.5±1

# CF302 + NO 2 * CF3021_02 (2.2_0.51(-291 5±I (6.0±I.0)(-121 2.511

# CC1302 + NO 2 * CC1302H02 (5.0±i.0)(-29) 5±1 (6.0±I.0)(-12) 2.5±1

M

HS + NO* HSNO (2.4±0.4)(-31) 3±I (2.7±0.5)(-11) o±_

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

ko(T)[M] {I + [lOSlO(ko(T)[M]/k_(T))]2}-I
Nots: k(Z) - k(M,T) = ( ) 0.6

1 + ko(T)[Ml/k_(T)

The values quoted are suitable for aft as the thlrd body, M.

a Units are cm6/molscule2-sac

b Units are cm3/molecule-sec

* Indicates • change from ths previous Panal evaluation (JPL 87-41).

& IndlcatQs a change in the nots from the previous evaluation.

# Indicates a new entry that was not in the previous evaluation.
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Table 2. (Continued)

Low Pressure Limlt a

ko(T) - k_00(T/300) -n

Hish Pressure Limit b

km(T) - k_00(T/300) -m

Reaction k 300 n .300
O Km

Motes

M

* Na + 02 -NaO 2 (2.4±0.5)(-30) 1.2±0.5 (6.0±2.fl)(-10) 011

M

Nee + 02 _ Nee 3 (3.5±0.7)(-30) 2±2 (5.7±3)(-10) 0±i

M

NaO+ CO 2 _ NsCO 3 (8.7±2.6)(-28) 2±2 (6.5±3)(-10) 011

M

NeOH + CO 2 _ NaHCO 3 (1.3±0.3)(-28) 2±2 (6.8±4)(-10) 0±1

36

37

38

39

ko(T)[M] {1 + [lo810(ko(T)[M]/k=(T))]2}-i

Mote: k(g) - k(M,T) - ( ) 0.6

I + ko(T)[M]/k_(T)

The values quoted are suitable for air as the third body, M.

a Units are cm6/molecule2-sec

b Units ere cm3/molecule-sec

* Indicates a change from the previous Panel evaluation (JPL 87-41).

& Indicates a chanse in the note from the previous evaluation.

# Indicates a new entry that was not in the previous evaluation.
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NOTES TO TABLE 2

1.

2.

3.

4.

0 + 02. Low-pressure limit and T-dependance are an average of Klais, Anderson, and Kurylo (1980a),

and Lin and Leu (1982]. The result is in agreement with most previous work (see references therein).

KaTe (1985) has calculated isotope effects for this reaction, ueln8 methods elmilar to those discussed

in the Introduction; Tree (1977), Patrick and Golden (1983). Croce de Cohos and Tree (1984) are in

agreement with earlier work. Rawlins at al (1987) report values in Ar between 80 and 150 K that

extrapolate 5o agreement with the recc®®Qandad values.

O(_) + N2. Low-pressure limit from KaJlmoto and Cvetanovic (1976). The T-dependence is obtained

by assuming a constant ft. The rate constant is extremily low in this special system due to

electronic curve crossing.

H + 02 . Kurylo (1972), Wens and Davis (197,) end Hsu et a__ (1987) a_@ averaged 5o obtain the low

pressure limiting value at 300 K. The first two studles include T-dep4mdenca, as does a recent

study by Bsu et el (1989). The recoanended value is chosen with constant <dE>lq -.05 kca% mole -1.

This vary low number reflects rotational effects. The hlsh pressure limit is 2 from Cohos et al

(1985). The temperature dependence is estimated. Cohos et a_l (1985) astlmate m - -0.8, which is

within our uncertainty. Recant hIEh temperature measurements in Ar by Pirraglia et al (1989) are in

good agreement.

_i + OH. Zellnor et al (1988) have studied this reaction at 253, 208, amd 353 K at pressures between

26 and 1100 mbar of N2. They report

_ _+1.4. 10-31 ,,3 s-I
ks(T) - O.s 2.5; x (T/298) -0"8

km(T) = 1.5 x 10 -11 (T/298) 0 ore3 s-1

5,

6.

7.

The asymmetric error limits in k o (298) take into accom_t contributions from H + CE _ H20. Error

limits were not reported for other parameters. The recommended error limits are estimates. Tralnor

and van Rosenberg (1974) report a value at 300 K that is lower by a factor of 2.7.

0 + H40. Low-pressure limit and n from direct measurements of Schiefersteln e_ al (1083) and their

re-analysis of the data of _ytock e_t _ (1978). Error limits encompass other studies. High-

pressure limit and m from Baulch e_t al (1980) and Beulch j_ a__ (1982), slightly modified.

O + 1402. Values of rate constants and temperature dependences from the evaluations of Baulch e_ al

(1980). They usa F c - 0.8 to fit the measured data at 298 K, but oul: value of F c = 0.6 gives a

similar result. In e supplementary review, Eaulch e_al. (1982) surest a slisht tm_perature depen-

dence for Fc, which would cause their suegested value to rise to F c - 0.85 at 200 K.

(_ + 140. The low-pressure limit rate constant has been reported by Anderson and Kaufman (1972),

Stuhl and Nikl (1972), Morley and Smith (1972), Westenbarg and de Haas (1972), Anderson et sl

(1974). Howard and Evenson (1974), Harris and Wayne (1975), Atkinson et a__ (1975), Overand 2._ al

(1976), Anestael and Smith (1978), and Burrows _ al (1983). The general agreement is good, and

the recoeznanded value is a weishted avers&e, with heavy weighting to the work of Anastasi and Smith.

The reported high pressure limit rate constant is Sanerall_r obtained fr nm extrapolation. The recom-

mended value is • weighted average of the reports in Anaetaai and Smith (1978) and Anderson e_t s_ll

(1974). [Both cLs and tran..___ss--BO140are expected to he formed.]
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8.

9.

10.

11.

12.

13.

C_ + NO 2. The low-pressure limit is from Anderson et al (1974), who report n - 2.5 (240 < T/K

< 450); Howard and Evenson (1974): Anastasi and Smith (1976), who report n - 2.6 (220 < T/K

< 550) and Wine e_t a! (1979) who support these values over the range (247 < T/K < 352). The recom-

mended value of n - 3.2 cases from <AE> N - 0.55 kcal mole -1. (This value is consistent with

the experiments.) Burrows e_t a__l (1983) 2conflm the value of k at 295 K. The high-pressure

limit and T-dependence come from _ modal of Smith end Golden (1978), although the error limits

have been expanded to encompass m - O. Robertshaw and Sw/th (1982) have measured k up to 8.8

atmospheres of CF 4. Their work suggests that k w might he higher than suggested here (~50X).

This might also be due to other causes (i.e., isomer formation or involvement of excited electronic

states). Burkholder et al (1987) have shown that BoNe 2 is the only isomer formed (yield =
.25

•751.I0 )" The recomnendation here flts all data over the range of atmospheric interest.

802 + NO 2. Recently Kurylo end Oualletta (1986) hue treasured the 300 K range constants. Kurylo

and Ouellette (1987) have also remeasured the tlmperature dependence. The recommended values are

taken from thin latter reference wherein their data ware combined with that of Sander and Paterson

(1984). The recoav, e_dad ko(300 K) is consistent with Howard (1977). Other studios by Simonaitis

end Helcklen (1978) a_d Cox and Patrick (1979) are in reasonable agreement with the recommendations.

NO 2 + Nay Data with N 2 as the bath gas from Kircher et al (1984), Croca de Cobos et al (1987a)

(up to P - 5 ate), Smith at a__1 (1985), Burrmm et al (1985a), and Walllnston e__tal (1987a) were used

to obtain ko 300 end k1300. Values fr_, Croca de Cohos et el (1984) at pressures above

i0 ate are 30% higher than the curve used herein. The values of n - 4.3 and m - 0.5 are from Kircher

et al (1984). The study of Fowlee e__t al (1982) is noted, but not used. Johnston e_ al (1986) have

reviewed this reaction.

Data for the reverse reaction have been obtained bY Connall and Johnston (1979) and Viasleno et el

(1981). (These two data sets are in reasonable aarelm(mt trader overlapping conditions.) These

data may he compared to the suggested parameters by multiplying by the recently redetermined

equilibrium constant 81ven In Table 3. The aareenent Is seed. If the previous value of the

equilibrium constant is used, the agreement is leas seed.

C1 + NO. Low-pressure limit from Lee e_t al (1978a), Clark at al (1966), Ashmore and Spencer

(1959), end Ravishal_ara e_t a_ (1978). Temperature dependence from Lea at al (1978a) and Clark

et al (1968).

Cl + NO 2. Low-pressure limit and T-dependance from Leu (1984a). (Assumln8 similar T-dependence

in N 2 and He.) Leu (1984a) confirms the observation of Nikl et a_ (1978c) that both CI_O and CINO 2

are formed, with the former dominating. This has been explained by Chin8 a.t a_l (1979a), with detailed

calculations in Patrick and Golden (1983). The temperature dependence is as predicted in Patrick

and Golden (1983). Leu's results are In excellent aareenent with those reported in Ravishankara e._tal

(1988). The latter work extends to 200 tort end the hlsh pressure limit was chosen to

fit these measurements. The temperature dependence of the high pressure limit is estimated.

C1 + 02 . Nichovlch et el (1989) measure k - (9f4) x 10 -33 cm 6 molecule -2 s -1 at T - 187±6K

in 02. Using the methods described in Patrick and Golden (1983), but adjusting the thermochemlstry

of ClO 2 such that 50298 - 64.3 cal mol -I K -I and AR .... , 23.3±0 6 kcal mo1-1 (see Note
Z,ZU_

6 of Table 3), we calculate 5.4 x 10 -33 cm 6 molecule -2 e -1 at T - 185 K with collisional efficiency

of the bath gas taken from the formula [8/1-_ 1/2] - <_E>/F E kT and <hE> ~0.5 kcal mole -I

(i.e., 8185 - .42 and 8300 - .30). Since 02 may be partlcularly efficient for this process we use

this calculation with broader error limits. The value from the calculation at 300 K (i.e., 2.7 x 10 -33

6
cm molecule -2 s -1) coa_paree with an older value of Nicholas and Norrish (1968) of 1.7 x 10 -33 in an

N 2 + 02 mixture. The temperature dependence is from the calculation.
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14.

15.

16.

17.

CI + CO. lCw Entry. Free gicovich j_ al (1990) who measured the l:OCass in N2 for 185 _< T/K _< 260.

C1 + C2H2. Brm_niuS end Stief (1985) moasuzed k from 210 to 381 K In Az hatweeu 10 m_d 300 t_rr.

l_periments in !12 at 296 K were used to scale the l_-l_assu_a l_tt_ns rat_ constant. They

rapo_:

k ° - (1.0i0.2) x 10 -29 (T/300) -3"50±0"05

k m - (4.7+0.9) x 10 -11 (T/300) "2"63_'05

Wallin&t_n e_t e_1_1(1080) measured k at 295 [ In air bet_e4m 50 and 5800 Loft. They report for a

combination of their data smi the 296 [, B2 data of Brmm£n& sad Stief:

k ° - (8.1+0.8) x 10 -30

ke - (1.9i0.3) • 10 -10

The values :ecomu_led here, piece heavier welsht on the data at; pressures below Im atmosphere.

111o temperature dependeDce 11 Son Bru_ntn$ and 8tle£ with tn_reased error 14mite. These values

aze coml_tihle with as:liar studios at Po-let ___ a_ (1973), /_t.kinson _ Asctmacn (1985), Lee and

Rowland (1977) and Wa11_nst_ e_ 81 (1988).

ClD + C10. The values are taken from Sender e_ al (1989). The7 are consistent wit_ a calculation

o£ the type in Patrick and Golden (1083) uain8 the emtrol_r of (CID) 2 determined by Cox and Hsyman

(1988). Ha_wan eL al (1986) _rpDr_ a htsher value at hlsher t4mperatures that Is not constst_t

in the above sense. Other l_avlous messuremeBts, such as Cox and Derwent (1079), Basco and Hunt

(1979) and Walker (1972) e_d Johnst_ j_ 01 (1980) rmlse £z_m 1-5 • 10 -32 cm6 s-1 with N2 or 02

as thi=xt bodies,

_publishad wurk of Troller _ al (1989), _hm evaluated in the sam fashion leeds to:

k o - (2.30£-0.32) • 10 .32 (T/300) "3"_+0"_

k m ,. (1.034-0.28) • 10 -12 (T/300) "2"§+0"$

Thr_ a1_o report s l_seihle saro l=easure l_th_'. Their data is reasonably rel_oduced by the

pazametars recomnended here.

CIO + NO2. Several tndel_mdent l_rl_ressure determinations (Z_hniser st; 01, 1077; Birks e_ al, 1977;

Leu e_ al, 1977; Lee et 01, 1982) of the rate of CIO d/aappeura_ce via the C10 + NO2 + H reactlon

a_a in excellent aSre_aent and Siva _ avoraae ko(300) nee: 1.8 • 10 -31 cm6 s-1. No product

identification was ©azrled out, and it was eas_ned that the reaction Save chlorlne nitrate, CIOHO2.

In contrast, direct measurements of the rat4 of thermal decomposition o£ CIOHO2 (Knauth, 1978; Schone

e_ a_, 1979), _ recant13 .*m_.terson and Fshey (1990), "_hen cem1_£_ed with the accepted the_mochemistry

&Lye s value lower by a factor of three. It is concluded that earlier masurm_bs of the heat of

formation are incorrect and the va_e 5.5 kcal mole -1 evaluated from the kinetics by Anderson and

Fahay (1989) is accepted.

Ea=lier explanations to t_e effect that the low-pro|sure ClO disappearance studies measured not only

a reaction for=inS CID_02, but another chsrmel fonainS an isomer, such as 0CINO 2, CIOON0, or OCt(Me

(Chart8 at a_1, 19790; Holine e_ 01, 19800) a=e obviated by the above and work of Harsita_ (1903b), Cox

st a__ (1986,b), snd Buries at, a_ (19BSa) which indicat_s that there a=e no _rs of C1OHO2 formed.

Wa_linston and Cox (1986) confirm currcmt values, but are umable to explain the effect of OCIO observed
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18.

19.

20.

21.

22.

by both Molina e t a__ (1980a) end themselves.

The hish-pressure llmtt rate constants end their tMqperature dependence are from the model of Smith

and Golden (1978). The recommended rate constants fit measured rate data for the disappearance of

reactants (Cox and Lewis, 1979; Dasch e_t a__l, 1981). Data from Hendwerk end Zellnar (1984) indicate

a sllshtly lower k I.

BrO + NO 2. Earlier measurements end 300 K frog Sander ot a_1 (1981) are combined with recent work

of Thorn et al (1989) who measured the rata constant at pressures fr A- 16 to 800 tort of N 2 and at

268, 298, and 346 K.

The value of k o seems lares end possible isomer fo:matlon cermet be Isnored oven thoush similar

suS&astions for CIO + NO 2 are not important.

F + 02 . A recant study by Passhez8 et a l (1987) reports k o in Arson - 4.38 x i0 -33 (T/300) -1"2.

This is in 8ood qreement with earlier values of Smith and WrisleY (1980), Smlth end Wrisley (1981),

Shamonina amd Kotov (1979), Arutyho_ovet al (1976) end slishtly lower then the values of Chane_al

(1977) end Chasodaev et al (1978). Lyman end Holland (Ig88) report a sllshtly lower value in Ar m_d

298 K. We assume that BAr - PN2 at all temperatures.

Passhar8 et al (1987), also determined the equilibrium ccmatant end thus AEf (FO2). Sea Rote 11 of

Table 3. A calculation such as described in Patrick end Golden (1983), uein s the new value yields:

k ° - 1.06 x 10 -33 (T/300) -1"5 usins _N2 = 0.3 (i.e., <_E> - 2 kJ ml-l). This is not seed

asroement.

F + NO. Parameters estimated from stron8 collision calculations with <_E> set at .42 kcal/mola "1,

yieldin8 _ - 0.30 at 300 K end p - 0.38 at 200 K.

F + NO2. Experimental data of Fassno end Nosar (1983) were used to determine both the hlsh end low

pressure limits at 300 K. They fit their data to en expression such as recommended here.

Treatment of the data for this system requires knowlodse of the relative stabilities of FNO2endFONO.

Patrick end Golden (1983) assumed that the difference between these would be the same as between

the C1NO. isomers. Thus, they concluded that k_00(FN02) - 8.9 x 10 -31 end k_00(FONO) -

2.4 x i0 _0, and that FOHO would be formed -3 times more favorably then FNO 2. We have found an

error era factor of four in their calculations, which would predict k_00(FOHO) = 1.06 • 10 -29,

and thus an overwhelmln8 amount of F_. The measured value is k -1.06 • 10 -30, which is one-tenth

of the predicted value.

A calculation at the _-3/6-31G* level by Evleth (private commmication, 1984) indicates that the

FONO is much more then 10 kcal mo1-1 less stable then FNO 2 and that its rate of formation can be

isnored. Thus, we have k(exp) - E(FMO 2) - 1.06 • 10 -30 .

The value of n = 2 is frog Patrick end Golden, and the value o£ m is a roush estimate from similar

reactions.

FO + Me 2. Low-pressure limit from stro_8 collision calculation end D " 0.33. T-deper_ence frog

resultant <dE> - .52 kcal mole -I. Hish-pressure limit and T-dependence estimated. Once asaln (see

Note 18) multiple charnels could be important here, which wouldmeen that the reaction between FO and

NO 2 could be much faster, since these values consider only FOHO 2 formation.
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23.

24.

25.

CH3 + 02. Low-pressure limit from Seltzer and Bsyes (1983). (These workers detenained the rate

constants as a function of l_assure in N2, A:, 02, and He. O_ly the N2 points were used directly

in the evaluation, but the ol_hers aze consistent. ) Plumb end Ryan (19821)) report a v-lue in Be which

is consistent within error limits with the work of Seltzer and Bayes. Pillins and Smith (1965) have

measured this process in Ar (32-490 tort). Their low pressure linitins rate constant is consistent

with this evaluation, but their hlsh pressure value is a llttle low. Cohos et al (1985) have made

measurements in A: and N2 from 0:25 to 150 atmospheres. They report parameters somewhat different

them reccmnanded here, but their data a:a rap:educed well by the recmmended values. The work of

Laguna and Bsushcum (1982) seems to be in the fLaT-off tqton. Results of Pratt and Wood (1984) In A:

are consistent witch this recommendation, alt_msh the measuremmt4 are indirect. Their T-dependence

is wlthAn our estimate. As can ba seen £rcm Patrick and Golden (1963), Uhe above value leads to a

very ema11 D, -.02, and thus temperature dependence is hard to calculate. The evJrJzested val_a has

been chansed from the l_eVAOUS evaluation to accommodate the values of ]Ue£fer et -1 (1987) _ho

meuuze the process in Ar between 20 and 600 tar: eBd An the r_a 334 < T/[ < 582. l_rlm and Plumb

(1984) susSeat that the same type of calculation as employed by Patrick s_d Golden yial_ls a reasonable

value o£ D. We have not been able to reproduce their results, The hash pressure rate constant fits

the data of Cohos et al (1985). The temperature dependence As an estimate. (Data o£ van den Bersh

and Callear (1971), Hochanadel et al (1977), Basco et a_ (1972), 14aehida and Bayes (1976). Laufer

and Bass (1975). and Washida (1980) are also cmmsidered,) The fit to l_aif_er et aL (1967) is very

seed, eussesti_ that the temperature dependence for the hash pzesaure limit is also reasonable.

C2E 5 + 02. lqw lnt_7. This :ecmmendation is taken f:am IUPAC (1989).

CH302 + lie 2. Parameters txcm a reasonable fit to the temperatore and pressure-dependent data in

Sander stud Watson (1980) mid Ravishemka_a It, al (1980a). The fo_as: =eference repo_s their room-

t_mperature date in the same fo:a as herein, but they a11c_ ¥c to vary. They rapox_:

k o " 2.33 z 10 .30 , k I- 8 z 10 "12, F c - O.*

which is not • qual.ttatAvel_ different fit to the date st 309 t. The latter reference reports

t_mI'_,eraturedependence as:

ko " 2.2 X 10-30(7/300) -2"5, Me " ? • 10"12(7/300) -3.5 , PC " 0.4.

These parameters are a bettor tit at all taqporetm:as t,han those recomN_ded hero. t#o do not adopt

them since they are not much batter in stratospheric ranSo, and they would require both a ch_8o in

our F c - 0.6 format, and the adoption of a quite larso nesative activation energy for ke.

The IUPAC (1989) recommmdstions are: ko - 2.3 x 10-30(T/300) -4, k_ = 8 • 10 -12 mid Fc "

• "T/327 yieldin_ Fc - .40 at 300 K and .54 at 200 [. These values do not fit the data as we_l es

the currant recommendations. It is lnteresti_ to note that the data require a nesetive T-del_mdence

for k m, similar to our I]O2 + Be2 recommmdation, and that the value of # at 300 K is -.2.

A recent etudy of the reverse reaction by Zabel et £_ (1989) reports:

ko/[N 2] " 9.0 • 10 -5 exp(-80.6 kJ mole'l/RT) cm3 molecule -1 sac'l;

k: - 1.1 x 1016 exp(-87.6 kJ mole-1/RT) sac -1, Pc " 0.4

The values recom_mded herein taken with the value of the equilibrium constant in Table 3, fit the

date in Zabel et a__l (1989) very well.
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26.

27.

28.

29.

30.

Destrteu and Tree (1990) have fit the above data to:

ko/[N 2] - 2.5 x 10 -30 (T/298) -5"5. k I - 7.5 x 10 -12 lnd_dant of temperature, F c - 0.36

CE + SO 2. Values of the rate constant as a function of pressure st 298 K from Leu (1982),

Paraskevopoulos ot el (1983), and Wine o_t al (1984b). The value of the low pressure limit is

from Leu (1982), corrected for fall-off. The htsh pressure limit is from a fit to all the data.

The value of n comes from the above data combined with calculations such as those of Patrick and

Golden (1983), except that the heat of formation of Hose 2 is raised by 4 kcalmo1-1, as susaastad

by the work of Marsltan (1984). The value of m is estimated. Thls is not a radlcal-radlcal

reaction and Is unlikely to have a positive value of m. The llmlt of i - -2 corresponds to a real

activatio_ enersy of ~1 kcal real -1 . EarLier data listed in Baulch et al (1980) and Baulch e__t a_!1

(1982) are noted. Recent work of Martin et al (1986) and Barnes et al (1986a) confides the

currant evaluation.

Cll + C2H 4. Experlmental data of Tully (1983), Davis etal (1975), Howard (1976), Gteinar (1970a),

Morris et a_ (1971), and Overand and Paraskevopolous (1977b) in helium, Atklnson et el (1977a) in

arson , and Lloyd _ a_ (1976) and Cox (1975) and Klein et al (1984) in nltrosen/oxysan mixtures,

have bean considered in the evaluation. This well-studied reaction is considerably more complex

than most others In this table. The parameters racomaendad here fit exactly the same curve proposed

by Klein e._t a__ (1984) at 298 K. Discrepancies remain and the effect of multiple product channels

is not wellunderstood. The temperature dependance of the low-pressure limit has not bean detarmtned

experimentally. Calculatic,_s of the type in Patrick and Golden (1983) yield the reco-w_nded value.

The hi&h-pressure limit temperature dependance has bean determined by several workars. Almost all

obtain nasative activatic_ enersias, tho Zel]_ner and Lorenz (1984) value heine equivalent to m - +0.8

over the tense (296 < T/K < 524) at about 1 atmosphere. Althoush this could theoretically arise as

a result of reversibility, the equilibrium constant Is too hish for this possibility. If there is

a product chsmnel that proceeds with a low harrier via • tisht transition state, a complex rats

constant may yield the observed behavior. The actual edditian process (OH + C2H4) may even have

a small positive barrier. The recommended limits encompass the reported values.

OH + C2H 2. The rate constant for this complex process has recently been re-examined by G. P. Smith

et al (1984) in the temperature ranse from 228 to 1400 K, and in the pressure ranae 1 to 780 torr.

Their analysis, which is cast in similar terms to those uaedhare, is the source of the rate constants

and temperature dependences at both limits. The nesattve value of [] reflects the fact that their

analysis includes a 1.2 kcal/mole barrier for the addition of OH to C2H 2.

The data analyzed include those of Pastrana and Cart (1974), Perry et al (1977), Michael et al

(1980), and Perry and Willlamsc_ (1982). Other data of Wilson and Westenber8 (1967), Brean and

Glass (1971), Smith and Zellnar (1973), and Davis at al (1975) were not included. A recant study

by Liu a_t al (1988) is in 8sacral asreanant with the rac(xm_mdatlon. Calculations of k via the
o

methods of Patrick and Golden (1983) yield values coeq)atihla with those of Smith e__ta_l.

CF 3 + 02 . Caralp e_t al (1986) have measured the rate const_mt in N2 between 1 and 10 torr. This

supplants the value from Caralp and Lesc_aux (1983). They racocmend different parameters, but the

data are well represented by the currently recommended values. Data of Ryan and Plumb (1982) are

in aareeaent.

CFCI 2 + 02. Values for both low- and hish-pressura limits at 300 K are from Caralp and Lesclaux

(1983). TImperatura dependences are roush estimates based on similar reactions.
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31. CC13 + 02. Values for both Low- and hIE_-pressuxa l_ita are from Ryan end Plumb (1984). They use

the sm format as recoR-oended hare and report:

32.

33.

34.

35.

36.

37.

38.

39.

.300 . 2.5 x 10 -12 with F - 0.25.k 00(He) - (5.8 + 0.6) x 10 "31, K m

We find a send fit to their data ualn6 P - 0.6 to yield k_00(Se)_ - 4 x 10 -31 ,

keepln6 .300 . 2.5 x 10 -12 .KI

The racommond_l value of k:OO(N2 ) is 2.5 times the value in Ha.

Temperature dependences ere roush estimates based on similar reactions.

5 x 10 -12 has been reported by Cooper ._. a__l (1980).

A value of k: O0

CFC1202 +NO 2. Baaed on experiments In 02 of Catalpa tel (1989), who suSsest a somewhat dtffer_t

fittin8 procedure, but the values recomKnded here Sit the data Just as well. Deatrtau and Tree

(1990) use yet a different fittin8 procedure that does not represent the data quite as well as that

recommandod heraln.

CF302 + NO2. New Entry. Based on experiments in 02 of Caralpet 61 (1988), who aussest a somewhat

different fitttn_ procedure, but the values recom_mded here fit the data Just as well. Destriau

and Tree (1080) use yet a different fittln8 procedure that does not :epreslmt the data quite as

well as that :ecommndedhereln.

cc_o2 + J0z. .w _t_. s--ed on_er_nt, in 02 of c-_-_p at _ (1086), ,_o e.ssest a e_t
different fittin8 Procedure, but the values recomne_ded here Sit the data just ae well. Destriau

aa_d Tree (1990) use yet a different fittin8 procedure that does not represent the data quite as

well as that recoamondedheretn.

ES + NO. Data and antlyei| _re fm the recent wrk of Black et al (1984). The temperatuze

dependance of km has been set,ted.

Na + 02. A recent study by Plane and RaJasekhar (1989) finds ko - (2.gf0.7) x 10 -30 at 300 K with

n - 1.30_.04. They also estimate ko - 6 x 10 -10 with • sllsht positive t-mperature dependence.

The ko value is about 601 higher then that of Silver et _ (1984b). The recommended value is an

averaae of the two studies.

NaO+O 2. Aser m_dHoward (1986) have meesuredthe low-pressure limit at room temperature in several

bath sases. Their value _N 2 Is used in the recommmsdatlon. They perfo_d • Troe calculationesper

Patrick end Golden (1963) to obtain collision efficiency and temperature dependence. They obtained

a htsh-pressure limit rate conetmtbyuso of a simple model. Thotemperature dep_mdence is estimated.

NaO+ CO2. Asar and Howard (1986) have measured the rate constant for this proceas in the "fall-off"

testes. Their 1meat pressures are veer close to the low-preasure limit. The temperature dependence

is an estimate. A_er and _ cLtcUlate the hlah-prassure rate constant fro,- a simple model.

The t_mperatu_e dependence is an estimate.

Near + CO2. ABe: and Sm_rd (1987b) have measured the low-pressure limltlns rate constant. The

temperature dependence is en estimate. Aaor and Howard have calculated the htSh-pressure limit

us_ a slmple nxxSal. The temperature del_mdence Is an estimste.
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EQUILIBRIUM CONSTANTS

Some of the three-body reactions in Table 2 form products which are

thermally unstable at atmospheric temperatures. In suchcases the thermal

decomposition reaction may compete with other loss processes, such as photo-

dissociation or radical attack. Table 3 lists the equilibrium constants,

K(T), for eleven reactions which may fall into thls category. The table has

three column entries, the first two being the parameters A and B which can

be used to express K(T):

K(T)/cm 3 molecule "I - A exp(B/T) (200 < T < 300 K)

The third column entry in Table 3 is the calculated value of K at 298 K.

The data sources for K(T) are described in the individual notes to

Table 3. When values of the heats of formation and entropies of all species

are known at the temperature T, we note that:

l°g[K(T)/cm 3 molecule.1 ] _ AS_
2.303R

AHS + log T - 21.87
2.303RT

where the superscript "o" refers to a standard state of one atmosphere.
In some cases K values were calculated from this equation, using thermo-

chemical data. In other cases the K values were calculated directly from

kinetic data for the forward and reverse reactions. When available, JANAF

values were used for the equilibrium constants. The following equations

were then used to calculate the parameters A and B:

B/°K - 2.303 [log K200] (300 X 200 )
K300 300 - 200

- 1382 log(K200/K300)

log A - log K(T) B/2.303 T

92



Table 3. Equlllbrlum Constants

Reaction A/c ,-3 ".o].ecul.e "1 B+A_/°K Keq(298 K) f(2g8 K) a Note

HO2 + NO2 - HO2NO2 2.1x10 -27 10,900_1,000 1.6x10 -11 5 1

NO + NO2 _ N203 3.0x10 -27 4,700i100 2.1x10 "20 2 2

# 1t02 + NO2 _ N204 5.gxlo "2g 8,BOO"z250 2.5x10 -lg 2 3

* NO2 + NO3 _ H205 4.0x10 "27 10,930±500 3.4x10 -11 1.5 4

CB302 + MO2 - CE302N02 1.3x10 -28 11,200i1,000 2.7x10 -12 2 5

* C1 + 02 _ CIDO 5,7x10 "25 2,500±750 2.5x10 -21 2 6

ClO + 02 _ CIO'O 2 <2.gxl0 "26 <5,000±1,500 <5.6x10 -lg 7

# C1 + CO _ C1CO 1.6x10 "25 4,000_500 1.1x10 -19 5 8

* C10 + C10_ C1202 3.0x10 "27 8,450i850 6.2x10 -15 2 g

# C10 + 0C10 _ C1203 1.6x10 "27 7,200±1,400 5.0x10 -17 10 10

* F + 02 _ _ 3.2x10 -25 6,100±1,200 2.5x10 -16 10 11

Ke_cm 3 molecule -1 - A exp(B/T) [200 < T/K < 300]

a f(298 K) is the uncertainty factor in Keq at 298 K. To calculate the, uncertainty

ot oth,r t,_poret,r,,. ,,. th, ._pro,to,: fCT) " f(296 _) °_p(AS]_ - ___1]).
T 296

* Indicates a change from the p_evtous Panel evaluation.

& Indicates a change in the Note.

# Indicates a new entry In the Table.
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NOTES TO TABLE 3

1.

2.

3.

4.

HO 2 + NO 2. The value was obtained by comblrdns the data of Sander and Paterson (1984) for the

rata constant of the reaction as wrlttan and that of Graham et aL (1977) for the reverse raactle_.

From the equilibrium constant, it may be inferred that the thermal decomposition of HO2NO 2 is

unimportant in the stratosphere, but is important in the troposphere.

NO + NO 2. The data are from JANAF. This process is included because a recent measurement of the

rate constant by Smith and Yarwood (1986) shows that it is too slow to be an important rate process,

but there will be soma equilibrium concontratioo present.

NO2 + NO2" Now Entry. The data are from JANAF. Recant rate data for this process are reported by

Brmmins st al (1988), Barrel1 _ al (1988), and Gosol st al (1984).

NO2 + NO3" Note chan_ed from 31_ 87-41. The rec_datlom is an everasa of the rut?stature

dependence data of Burrows et al (1985c) and Cantrell et _ (1988), and the room teeqperature data of

Tuazon e_ al (1983) and Pemer at, a_l (1985). The entry in Table 3 is not exactly equivalent to the

ratio of the forward rate constant from Table 2 and the reverse rate constant from the data of Cormell

and Johnston (1979) and Vi881ano e__ta__ (1981). However, there Is asreoment within experlmental error.

5. CH302 + NO2" Thermochomical values at 300 K for CH302HO 2 and CE302 are from Baldwin (1982).

6.

7.

8.

9.

In the absence of data, AH ° and AS ° were assumed to be Independent of taqporature. Bahta st al

(1982) have measured k(dissoclatton) at 263 K. Usins the values of k(racmnbinetion) sussasted in

this evaluation, they compute K(263) - (2.68 _ 0.26) x 10 -10 cm 3. Our values predict 3.94 • 10 -10

am3, in seed a6re_nt.

Zabol st a__l (1989) have measured k(diasoclation) as a function of pressure and temperature (see Note

25, Table 2). Their values are in seed a&rmnt with Bshte st al (1982) and would lead to A = 5.2 •

10 -28 end B - 10,786. This is sufficiently close to the value in Table 3 to foreso any chsnse, but

the uncertainty has bean reduced.

C1 + 02 . Ntcovlch ot _ (1989) measure K - 5.30 • 10 -19 ¢m 3 molecule -1 at 185 K. Usin8 known

thormochmeistry for C1 and 02 and computed values for C102, AHf _98(CIO2) - 23.3±0.6 kcal

mole -1 is obtained. [The value of S°298(C102 ) - 64.3 cal mole -1 K J- used, is computed from a

structure with an 105 ° bond anSle and CI-O and 0-O bond lonsthm of 1.73 and 1.30A respectively.
-1

Frequencies of 1441, 407 and 373 cm are from Arkell and Schwasor (1967). Symmetry number is 1 and

deseneracy is 2. ]

C10 + 02. Zeliner (private comnumication, 1982) sussaata K < 12 arm -1 and AH a -11 kcal/mol. The

correspondln8 value of A leads to S°300(C1D'O_) -73 cal sol "1 K -1. A higher value of K has been

proposed by Prasad (1980), but it requires S (CIO'O 2) to be about 83 cal sol -1 K -I, which seems

unreasonably hish. Carter and Andrews (1981) Sound no experimental evidence for C10"O 2 in matrix

experiments.

Cl + CO. New Entry. From Nlcovich et al (1989) who measured both k and X between 185 and 260 K in

N2. They report AHf,298(C1CO) - -5.2f0.7 kcal mole -1.

C10 + CIO. The value is from Cox & Hayman (1988). The corraspondln8 entropy of the darner Is 74 cal

sol -1 K -1 and AHf - 31.5 kcal sol -1. Previous work of Cox and Derwent (1979) end Ha),nan et al

(1986) is noted.

94



10.

11.

C10 + 0CIO. New Entry. Data is taken frrm Eayman _d Cox (1989). Yhey deduce AHf (C1203) -

34+3 kcal mole "1 and S°(C1203 ) = 80+12 ca1 mole "1 °K-1.

F + 02. Calculated from JANAF t.hermoch-miceZ values except, for AHf,298(FO 2) - 6.24+0.5 kcal

mole -I. The latter was taken f_om PaSsber$ et el (1987). Thle direct measurement, whlch falle

between the eerller disputed values would seam to settle that controversy, but (see Note 19 of Table

2) the ca_culet_l value of k o is _ot in seed asz_t w_th the expst_nt.
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PHOTOCHEMICAL DATA

Discussion O_ Format and Error Estimates

In Table 4 we present a llst of photochemical reactions considered to

be of stratospheric interest. The absorption cross sections of 02 and 03

largely determine the extent of penetration of solar radiation into the

stratosphere and troposphere. Some comments and references to these cross

sections are presented in the text, but only a sample of the data is listed

here. (See, for example, WMO Report #ii, 1982; WMO-NASA, 1985.) The photo-

dissociation of NO in the 02 Schumann-Runge band spectral range is another

important process requiring special treatment and is not discussed in

this evaluation (see, for example, Frederick and Hudson, 1979; Allen and

Frederick, 1982; and WMO Report #ii, 1982).

For some other species having highly structured spectra, such as CS 2

and SO 2, some comments are given in the text, but the photochemical data
are not presented. The species CH20, NO2, NO 3, CIO, BrO, and OCIO also
have complicated spectra, but in view of their importance for atmospheric

chemistry a sample of the data is presented in the evaluation; for more

detailed information on their high-resolution spectra and temperature

dependence, the reader is referred to the original literature.

Table 5 gives recommended reliability factors for some of the more

important photochemical reactions. These factors represent the combined

uncertainty in cross sections and quantum yields, taking into consideration

the atmospherically important wavelength regions, and they refer to the

total dissociation rate regardless of product identity (except in the case

of O(ID) production from photolysls of 03).

The absorption cross sections are defined by the following expression

of Beer's Law:

I - Ioexp(-onl),

where Io and I are the incident and transmitted light intensity, respectively;
a is the absorption cross section in cm 2 molecule'l; n is the concentration

in molecule cm "3, and i is the pathlength in cm. The cross sections are

room temperature values at the specific wavelengths listed in the tables,

and the expected photodissoclation quantum yields are unity, unless otherwise

stated.

O2+hv_O+O

The photodlssociatlon of molecular oxygen in the stratosphere is due

primarily to absorption of solar radiation in the 200-220 nm wavelength

region, i.e., within the Herzberg continuum. The 185-200 nm region--the

02 Schumann-Runge band spectral range--is also very important, since solar
radiation penetrates efficiently into the stratosphere at those wavelengths.
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Table 4. Photochemical Reactions of Stratospheric Interest

& 02 + lw _ 0 + 0 CH3C1 + hv _ products

& 03 + I_ _ 02 + 0 # CH3CF2C1 + hv _ products

* 03 + 1_ _ O2 + O(1D) • C_3CHCI 2 + h_ _ products

* HO2 + 1_ _ products • CF3CHFCI + 11_ _ products

H20 + !_ _ H + OH (1) # CH3CTC12 + h_ _ products

* H202 + 1_ _ Off + OH CH3CC13 + 1_ _ products

NO + h_ _ N + O * CBrF 3 + hv _ products

* NO2 + !_ _ NO + 0 • CF2Br 2 + 1_ _ products

* NO3 + h_ _ products * CBrC1F 2 + h_ - products

& N20 + h_ _ N2 + O(1D) • CF2BzCF2Br + 1_ _ products

& N205 + h_ " products • CF 4 + h_ _ products

NH3 + h_ * Nil2 + li (1) • CZF 6 + l_ " products

Hit02 + hv _ OH + NO # SF 6 + t_v _ products

& HNO3 + h_ _ OH + NO2 CC120 + !_ _ products

* HNO4 + !_ _ products CClYO + l_ _ products

CI 2 + h_ _ C1 + C1 CF20 + h_ _ products

* C10 + lw _ CI + 0 * BrO + h_ _ Br + 0

CIO0 + h_ " products BrCE) 2 + h_ _ products

0C10 + h_ _ 0 + C10 HF + h_ _ H + F

C10 3 + h_ _ products C:0 + h_ _ C + 0 (1)

* C1202 + h_ _ products (:02 + 1_ - (:0 + 0 (1)

BCI + lw _ H + C1 CH4 + lw _ products (2)

* BOCI + h_ _ OH + C1 CH20 _ products

C1NO + k_ _ C1 + NO * CH3OOB + hp _ products

CIIIO 2 + h_ _ products _ + t_ _ products

Cl_qO + h_ _ products & CH3Cll + tw _ products

& CIOWO 2 + lw _ products 502 + lw _ 50 + 0

((:14 + h_ _ products 0C8 + hv _ (:0 + S

CCI3F + lw _ products H25 + lw _ HS + H (2)

CC12F 2 + hv _ products CS 2 + h_ _ products

* CBCIY 2 + h_ _ products NaC1 + _ _ Na + C1

NaOR + h_ " Ns + GB

(1) Hudson and _teffe: (1975)

(2) Tuzco (1975)

• Iqew entw

* Znd£catee a chanse In the recommendation from the previous evaluation.

& Indicates • chan&e in the nots.
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Table 5. Combined Uncertainties for Cross Sections and

Quantum Yields

Species Uncertainty

0 2 (Schumann-Runse bands) 1.4

0 2 (Continua) I. 3

0 3 I. I

0 3 " O(ID) 1.4

NO2 1.3

NO3 2.0

N20 1.2

N205 2.0

H202 1,4

HNO3 1.3

HO2NO2 2.0

CH20 1.4

8C1 1.1

80CI 1.4

CI(XqO 2 1.3

CC14 1.1

CC13F 1.1

CCI2F 2 1.1

CH3Cl 1.1

CF20 2.0

CH3(X_ 1.8

BrOgO 2 1.4

CF3Br 2.0

CF2CIBr 3.0

CF2Br 2 3.0

C2F4Br 2 3.0
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Frederick and Mentall (1982) and Herman and Mentall (1982) have estimated

02 absorption cross sections from balloon measurements of solar irradiance

in the stratosphere. The latter authors find the cross sections in the

200-210 nm range to be -35% smaller than the smallest of the older laboratory

results, which are those of Shardanand and Prasad Rao (1977). There are

three recent laboratory studies (Johnston e__tta_!, 1984; Chueng e t a_!l,

1984; Jenouvrler e.__ta_!l, 1986) which confirm the lower values obtained from

solar irradiance measurements. There is also, however, a study of the

penetration of stellar UV radiation into the stratosphere which agrees

better with the higher 02 cross section values (Pirre e__tta_!, 1984).

The attenuation of solar radiation in the Schumann-Runge wavelength

region is a problem requiring special treatment due to the rotational structure

of the bands; see, for example, Nicolet and Peetermans (1980); Frederick

and Hudson (1980); and Allen and Frederick (1982). The effective 02 cross

sections obtained from solar irradlance measurements in the stratosphere by

Herman and Mentall (1982) are in good agreement between 187 and 195 nm with

the values reported by Allen and Frederick (1982), which were obtained by

an empirical fit to the effective cross sections appropriate for stratospheric

conditions. Between 195 and 200 nm the fit yielded values which are somewhat

larger than those estimated by Herman and Mentall.

The studies of the penetration of solar radiation in the atmosphere in

the Schumann-Runge wavelength region have been based so far on laboratory

measurements of cross sections which were affected by instrumental parameters

due to insufficient spectral resolution. Yoshlno e__ttal (1983) have reported

high resolution 02 cross section measurements at 300 K, between 179 and 202

nm, obtaining presumably the first set of results which is independent of

the instrumental width. The Schumann-Runge cross sections are temperature-

dependent, so that additional studies will be required in order to carry out

detailed atmospheric modeling calculations. Furthermore, for estimates of

the solar Irradlance in the stratosphere the cross section values which need

to be accurately known are those at the wings of the rotational lines and in

the underlying continuum, and these are several orders of magnitude smaller

than the peak values. Additional factors that need to be considered are the

enhancement in solar absorption by 02 due to the formation of "02 dlmer" and

collisions with N 2. The "02 dlmer" may not be real and the enhancement in

absorption may be due to relaxation of the selection rules for the electronic

transitions during collision with another molecule. The "02 dlmer" may lead

to direct production of 03 and O atoms, which is no different in the

atmosphere than dissociation of 02 to two 0 atoms. The Mainz group

(Horowltz e__ttal, 1988; 1989a; 1989b) have most recently investigated these

pathways and should be consulted for further information. Lastly, the

"02 dlmer" will appear as a distinct absorption feature in long path

uv-vlslble measurements in the atmosphere.

0 3 + hv _ 0 + 0 2

The 03 absorption cross sections and their temperature dependence have

been remeasured recently by several groups. For a review see WMO-NASA, 1985;

Table 6 lists a sample of the data taken from this review, namely the 273 K

cross section values averaged over the wavelength intervals commonly employed
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in modeling calculations, except for the wavelength range 185 to 225nm, where

the present recommendation incorporates the averaged values from the recent

work of Mollna and Molina (1986); the older values were based on the work of

Inn and Tanaka (1953). The temperature effect is negligible for wavelengths

shorter than -260 nm. ^Recept work by Mauersberger et al (1986, 1987) yields

a value of 1137 x I0 "z° cm z for the cross section at 253.7 nm, the mercury

llne wavelength; it is about 1% smaller than the commonly accepted value of

1147 x 10 .20 cm 2 reported by Hearn (1961), and about 2% smaller than the value

obtained by Molina and Molina (1986), 1157 x 10 .20 cm2; see also Barnes and

Mauersberger (1987). The reason for the small discrepancy, which appears to

be beyond experimental precision, is unclear. Cacctani et al (1989) reported
measurements of the ozone cross sections in the wavelength range from 339

to 355 run, in reasonable agreement with the present recommendation.

Table 6. Absorption Cross Sections of 03 at 273 K

A 1020o(cm 2) A 1020o(cm 2)

(nm) average (nm) average

175.439-176.991

176.991-178.571

178.571-180.180

180.180-181.818

181.818-183.486

183.486-185.185

185.185-186.916

186.916-188.679

188.679-190.476

190.476-192.308

192.308-194.175

194.175-196.078

196.078-198.020

198.020-200.000

200.000-202.020

202.020-204.082

204.082-206.186

206.186-208.333

208.333-210.526

210.526-212.766
212.766-215.054

215.054-217.391

217.391-219.780

219.780-222.222

222 222-224.719

224 719-227.273

227 273-229.885

229 885-232.558

232 558-235.294

235 294-238.095

81.1

79.9

78.6

76.3
72.9

68.8

62.2

57.6

52.6

47.6

42.8

38.3

34.7
32.3

31.4

32.6

36.4

43.4

54.2

69.9

92.1

119

155
199

256

323

4OO

483

579

686

238.095-240 964

240.964-243 902
243.902-246 914

246.914-250 000

250.000-253 165

253.165-256.410

256.410-259740

259.740-265.158

263.158-266.667
266.667-270.270

270.270-273.973

273.973-277.778

277.778-281.690

281.690-285.714

285.714-289.855
289.855-294.118

294.118-298.507

298.507-303.030

303.030-307.692

307.692-312.5

312.5-317.5

317.5-322.5

322.5-327.5

327.5-332.5
332 5-337.5

337 5-342.5

342 5-347.5

347 5-352.5

352 5-357.5

357 5-362.5

797

900

i000

1080

1130

1150

1120

1060

965

834

692

542

402

277

179

109

62.4

34 3

18 5

9 80

50l

2 49

1 20

0.617

0.274

0.117

0.0588

0.0266

0.0109

0.00549
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The quantum yields for O(ID) production, _(OID), for wavelengths near

310 nm, i.e., the energetic threshold or fall-off region, have been measured

mostly relative to quantum yields for wavelengths shorter than 300 nm, which

were assumed to be unity. There are several studies which indicate that this

assumption is not correct: Fairchild eta 1(1978) observed approximately 10%of

the primary photolysis products in the ground state channel, that is, _(O_P)

-0.I, at 274 nm; Sparks et al (1980) also report @(O3p) -0.i, at 266 nm;

according to Brock and Watson (1980b) _(OiD) - 0.88 at 266 nm; Amimoto et al

(1980) report @(OID). - 0.85 at 248 run, and Wine and Ravishankara (1982)

measured directly _(OID) - 0.9 at 248nm. There are also some indications that

@(OID) decreases slightly between 304 and 275nm(see Brock and Watson, 1980a,b).

The recommendation for the quantum yields in the fall-off region has

been modified to represent more accurately the high resolution laser data

of Arnold et al (1977), Brock and Watson (1980b), and Troller and Wiesenfeld

(1988). An exception is that the "tail _ sometimes seen in the laser experi-

ments at longer wavelengths has been eliminated, on the grounds that it is

not reproduced in the monochromator experiments and may be an artifact.

This question requires further study. Also needed are laser experiments at

lower temperatures. Temperature dependence in the present recommendation

is based on the monochromator experiments of Moortgat and Kudzus (1978).

Table 7. Mathematical Expression for O(ID) Quantum Yields, @, in the

Photolysis of 03 in the Wavelength Region 305 to 320 nm.

• (A,T) - a0(f ) + al(T)x + a2(_)x 2 + a3(t)x 3 +

a4(_)x 4 + a5(_)x 5 + a6(T)x 6

where x - (_-305) and r - (298-T(K)) and

a 0 - .94932 - 1.7039"10 -4 _ + 1.4072"10 -6 r 2

a 1 - -2.4052'10 -2 + 1.0479"10 -3 r 1.0655"10 -5 r 2

a 2 - 1.8771"10 .2 3.6401"10 -4 T 1.8587.10-5 _2

a 3 - .1.454.10 -2 . 4.7787.10 .5 v + 8.1277"10 -6 r 2

a4 , 2.3287.10o3 + 1.9891.10-5 v . 1.1801.10-6 _2

a 5 - -1.4471.10 -4 1.7188.10 -6 _ + 7.2661"10 "8 T 2

a 6 - 3.183"10 -6 + 4.6209"10 -8 T - 1.6266"10 -9 r 2

If _(_,T) < 0.02 then let _(X,T) - 0. For _ < 305 nm, _(_,T) - 0.95.

For _ > 320 rim, _(_,T) - 0. Expression ls valid for the temperature

range 220-300 K.
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HO 2 + hu _ OH + 0

The absorption cross sections of the hydroperoxyl radical, H02, in the

200-250 nm region have been measured at room temperature by Paukert and

Johnston (1972), Hochanadel e__tal (1972; 1980), Cox and Burrows (1979), McAdam

et al (1987), and Kuryloetal (1987a); and by Sander et al (1982) at 227.5nm.

There are significant discrepancies in the shape of the spectrum as

well as in the absolute cross section values; at 227.5 nm, the value ranges

from 250 to 309 x 10 -20 cm2/molecule, the average of all measurements

being 269 x 10 -20 cm2/molecule.

Table 8 lists the recommended cross sections, which are computed from

the mean of the five sets of reported values. This recommendation is given

here merely to indicate that photolysis of HO 2 in the stratosphere and

troposphere is not an important process and can be neglected. However, for

chemical kinetics studies the simple average presented here needs not be the

best choice and the most suitable cross section values to be used should be

considered on a case-by-case basis.

Lee (1982) has detected O(ID) as a primary photodlssoclatlon product

at 193 and at 248 nm, with a quantum yield which is about 15 times larger

at the longer wavelength. The absolute quantum yield for O(ID) production

has not been reported yet.

Table 8. Absorption Cross Sections of HO2

_(nm) 1020o(cm 2)

200 440

210 430

220 360

230 245

240 120

250 60
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H202+ hv _ OH+ OH

The recommended298 K absorption cross section values, listed in Table

9, are the mean of the data of Lin et al (1978b), Molina and Molina (1981),

Nicovich and Wine (1988), and VaghJiani and Ravishankara (1989). Molina and

Molina (1981) supersedes the earlier results of Mollna et al (1977a).

Nlcovich and Wine measured the cross sections at A _ 230 relative to the
values at 202.6, o - 4.32xi0 "19 cm 2 and at 228.8 nm, o - 1 86xi0 "19 cm 2

The values are within 2% of the recommended value.

Table 9. Absorption Cross Sections of H202 Vapor

A 1020o A 1020o

(rim) (cm 2) (rim) (cm 2)

298 K 355 K 298 K 355 K

190 67.2 270

195 56.4 275

200 47.5 280

205 40.8 285

210 35.7 290

215 30.7 295

220 25.8 300

225 21.7 305

230 18.2 18.4 310

235 15.0 15.2 315

240 12.4 12.6 320

245 10.2 10.8 325

250 8.3 8.5 330

255 6.7 6.9 335

260 5.3 5.5 340

265 4.2 4.4 345

350

3 3

2 6

20

1 5

1 2

0 90

0 68

0.51

0.39

0.29

0.22

0.16

0.13

0.10

0.07

0.05

O. 04

3 5

2 8

2 2

1 6

1 3

i0

0 79

0 58

0 46

0.36

0.27

0.21

0.17

0.13

0.I0

0.06

0.05
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Nicovlch and Winehave measuredthe temperature dependence of this cross

section. They expressed the measured cross section as the sum of two compo-

nents; one, Ol, due to absorption from H202 which has the 0-0 stretch excited,

and the other, o0, due to absorption by ground state molecules. For atmospheric
calculations the expression given in Table I0 may be used. The photodis-

soclation quantum yield is believed to be unity. At and above 248 nm, the

major photodissociatlon process is that leading to OH, i.e., the quantum yield

for OH production is 2 (Vaghjlani and Ravishankara, 1990).

Table I0. Mathematical Expression for Absorption Cross Sections

of H202 as a Function of Temperature

4
1021o(_,T) -x _ An xn+ (1 - X) E Sn xn

n-o n-o

Where T: temperature Kelvin; A: rim; X - [i + exp (-1265/T)] "I

A0 - 6.4761 x 104

A I - -9.2170972 x 102

A 2 - 4 535649

A 3 - -4 4589016 x 10 .3

A4 - -4 035101 x 10 "5

A 5 - 1 6878206 x 10 .7

A6 - -2 652014 x i0 "I0

A 7 - 1.5534675 x 10 "13

B0 - 6.8123 x 103

B1 - -5.1351 x i01

B2 - 1.1522 x i0 "I

B 3 - -3.0493 x 10 .5

B4 - -1.0924 x 10 .7

Range 260-350 nm; 200-400 K
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NO2 + hw -_NO+ O

The previous recommendation for the absorption cross sections of
nitrogen dioxide was taken from the work of Bass et al (1976). More recent

measurements have been reported by Schneider e__tta__l (1987), at 298 K, for

the wavelength range from 200 to 700 nm; and by Davidson e__tal (1988), from

270 to 420 nm, in the 232-397 K temperature range. At room temperature the

agreement between these three sets of measurements is good; within 5% between

305 and 345 nm, and within 10% at the longer wavelengths. The agreement is

poor below room temperature, as well as at the shorter wavelengths. A

possible cause for the discrepancies is the presence of N204. The corrections

needed to account for the presence of this species are largest around 200 nm,

where it absorbs strongly. The corrections are also large at the lowest

temperatures, because a significant fraction of the NO 2 forms N204. On the

other hand, there is no error apparent in the corrections carried out by Bass

e__ta__l,so that the reason for the discrepancy is not clear.

Table ii lists the recommended absorption cross sections, averaged over

the wavelength intervals used for atmospheric photodissociation calculations.

For the wavelength range from 200 to 274 nm the values are taken from

Schneider e__ttal (1987); in this range the temperature effect is negligible.

For the 274 to 420 nm region the temperature-dependent values are taken from

Davidson et al (1988).

The earlier recommendation for quantum yields was based on the work

of Harker et al (1977) and of Davenport (1978) for the atmospherically-

important 375-470 nm region. The work by Gardner et al (1987) yields values

which are in much better agreement with the values reported earlier by

Jones and Bayes (1973). The recommended quantum yield values, listed in

Table 12, are in agreement with the recommendation of Gardner et al (1987);

they are based on a smooth fit to the data of Gardner e__tal (1987) for the

wavelength range from 334 to 404 nm; Harker et al (1977) for 397-420 nm

(corrected for cross sections); Davenport (1978) for 400-420 nm; and Jones

and Bayes (1973) for 297-412 nm. Direct measurements of the solar photodis-

sociation rate of NO 2 in the troposphere by Parrlsh et al (1988) and by
Shetter et al (1988) agree better with theoretical estimates based on this

recommendation than with the earlier one.
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Table ii. Absorption Cross Sections of NO 2

A 1020 a, averaSe at 25"C _ 1020a, averase at O'C 1022 a*

(rim) Cm2 moIicule -I (nm) (cm 2 molecule -1) (cm 2 molecule -I degree -I)

202.02 - 204.08 41.45 273.97 - 277.78 5.03 0.075

204.08 - 206.19 44.78 277.78 - 281.69 5.88 0.082

206.19 - 208.33 44.54 281.69 - 285.71 7.00 -0.053

208.33 - 210.53 46.41 285.71 - 289.85 8.15 -0.043

210.53 - 212.77 48.66 289,85 - 294.12 9.72 -0.031

212.77 - 215.06 48.18 294.12 - 298.51 11.54 -0.162

215.08 - 217.39 50.22 298.51 - 303.03 13.44 -0.284

217.39 - 219.78 44.41 303.03 - 307.69 15.89 -0.357

219.78 - 222.22 47.13 307.69 - 312.50 18.87 -0.536

222.22 - 224.72 37,72 312.5 - 317.5 21.53 -0.686

224.72 - 227.27 39.29 317.5 - 322.5 24.77 -0.786

227.27 - 229.89 27.40 322.5 - 327.5 28.07 -1.105

229.69 - 232.56 27.78 327.5 - 332.5 31.33 -1.355

232.56 - 235.29 16.69 332.5 - 337.5 34.25 -1.277

235.29 - 238.09 16.18 337.5 - 342.5 37.98 -1.612

238.09 - 240.96 8.812 342.5 - 347.5 40.65 -1.890

240,96 - 243.90 7,472 347.5 - 352.5 43.13 -1,219

243.90 - 246.91 3,909 352.5 - 357.5 47.17 -1.921

246.91 - 250.00 2.753 357.5 - 362.5 48.33 -1.095

250.00 - 253.17 2.007 262.5 - 357.5 51.66 -1.322

253.17 - 256.41 1.973 367.5 - 372.5 53.15 -1.102

256.41 - 259.74 2.111 372.5 - 377.5 55.08 -0.806

259.74 - 283.16 2.357 377.5 - 382.5 56.44 -0.867

263.16 - 266.67 2.698 382.5 - 387.5 57.57 -0.945

266.67 - 270,27 3,247 367,5 - 392.5 59,27 -0.923

270.27 - 273.97 3.785 392.5 - 397.5 58.45 -0.738

397.5 - 402.5 60.21 -0.599

402.5 - 407.5 57.81 -0.545

407.5 - 412.5 59.89 -1.129

412.5 - 417.5 56.51 0.001

417.5 - 422.5 58.12 -1.208

*The quantity a is the temperature coefficient of a as defined in the

equation o(t) - a(O °) + at where t is In degrees Celsius.
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Table 12. Quantum Yields for NO 2 Photolysls

A,nm @ A,nm

< 285 1.000 393 0.953

290 0.999 394 0.950

295 0.998 395 0.942

300 0.997 396 0.922

305 0.996 397 0.870

310 0.995 398 0.820

315 0.994 399 0.760
320 0.993 400 0.695

325 0.992 401 0.635

330 0.991 402 0.560

335 0.990 403 0.485

340 0.989 404 0.425

345 0.988 405 0.350
350 0.987 406 0.290

355 0.986 407 0.225

360 0.984 408 0.185

365 0.983 409 0.153

370 0.981 410 0.130

375 0.979 411 0.ii0

380 0.975 412 0.094

381 0.974 413 0.083

382 0.973 414 0.070

383 0.972 415 0.059

384 0.971 416 0.048

385 0.969 417 0.039

386 0.967 418 0.030

387 0.966 419 0.023

388 0.964 420 0.018

389 0.962 421 0.012
390 0.960 422 0.008

391 0.959 423 0.004

392 0.957 424 0.000
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NO 3 + hv _ NO + 02 (_i)

NO 2 + 0 (_2)

The absorption cross sections of the nitrate free radical, NO3, have

been studied by (I) Johnston and Graham (1974); (2) Graham and Johnston

(1978); (3) Mitchell et al (1980); (4) Marinelli et al (1982); (5) Ravi-

shankara and Wine (1983); (6) Cox e t al (1984a); (7) Burrows e__tal (1985b);

(8) Ravishankara and Mauldin (1986); (9) Sander ¢1986); (i0) Cantrell et al

(1987); and (II) Canosa-Mas et al (1987). The ist and 4th studies required

calculation of the NO 3 concentration by modeling a complex kinetic system.

The other studies are more direct and the results in terms of integrated

absorption coefficients are in good agreement. The recommended value at

298 K and 662 nm, (2.00 ± 0.25)xi0 "12 cm 2, is the average of the results of

studies (4), (5) and (7) through (Ii). The values in the wavelength range

600-670 nm, shown in Figure 2 and listed in Table 13, were calculated using

the spectra measured in studies (8), (9) and (ii), and normalizing the 662

nm value to the above average. The spectra obtained in other studies are

very similar to the recommended values. The original literature should be

consulted for a more extended wavelength range. The temperature dependence

of the 662 nm band has been studied by Ravishankara and Mauldin (1986),

Sander (1986) and Cantrell e__tal (1987), while the first two investigators

observe the cross section at 662 nm to increase with decreasing temperature,

Cantrell e__tal (1987) found no measurable temperature dependence. The reason

for this discrepancy is not clear.

The quantum yields _I and _2 have been measured by Graham and Johnston

(1978), and under higher resolution by Magnotta and Johnston (1980), who

report the product of the cross section times the quantum yield in the 400

to 630 nm range. The total quantum yield value, _I + _2, computed from

the results of this latter study and the cross sections of Graham and

Johnston (1978), is above unity for _ <610 nm, which is, of course, impos-

sible. Hence, there is some systematic error and it is most likely in the

primary quantum yield measurements. Magnotta and Johnston (1980) and

Marinelli e__tal (1982) have discussed the probable sources of this error,

but the question remains to be resolved and further studies are in order.

At present, the recommendation remains unchanged; namely, to use the follow-

ing photodissociation rates estimated by Magnotta and Johnston (1980) for
overhead sun at the earth's surface:

JI(NO + 02 ) - 0.022 s "I

J2(N02 + O) - 0.18 s"I.
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Table 13. Absorption Cross Sections of NO3 at 298 K

1020a X 10200 _ 10200

(nm) (cm 2) (nm) (Ca 2) (nm) (ca 2)

600 258 625 796 648 60

601 263 626 703 649 51

602 302 627 715 650 49

603 351 628 702 651 52

604 413 629 672 652 55

605 415 630 638 653 61

606 322 631 470 654 76

607 225 632 344 655 93

608 170 633 194 656 131

609 153 634 142 657 172

610 192 635 128 658 222

611 171 636 159 659 356

612 202 637 191 660 658

613 241 638 193 661 1308

614 242 639 162 662 2000

615 210 640 121 663 1742

616 190 641 99 664 1110

617 189 642 91 665 752

618 208 643 93 666 463

619 229 644 92 667 254

620 292 645 85 668 163

621 450 646 72 669 113

622 941 647 69 670 85

623 1407

624 1139
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N20 + hv _ N 2 + O(ID)

The recommended values are taken from the work of Selwyn et all (1977),

who measured the temperature dependence of the absorption cross sections in

the atmospherically relevant wavelength region. They have fitted their

data with the expression shown in Table 14; Table 15 presents the room

temperature data. Hubrich and Stuhl (1980) remeasured the N20 cross sections

at 298 K and 208 K, and their results are in very good agreement with those

of Selwyn e__tal. The _uantum yield for photodissociation is unity and the

products are N2 .and O(_D) (Zellkoff and Aschenbrand, 1954; Paraskevopoulos

and Cvetanovic, 1969; Preston and Barr, 1971; Simonaitls et al, 1972). The

yield of N(4s)and NO(2H) is less than 1% (Greenblatt and Ravishankara,

1989).

Table 14. Mathematical Expression for Absorption Cross

Sections of N20 as a Function of Temperature

4 3
In a(A,T) - Z An An + (T-300) exp( Z B An )

_lO _l O

where T: temperature, Kelvin;

A0 - 68.21023

A 1 - -4.071805

A 2 - 4.301146 x 10 .2

A 3 - -1.777846 x 10 .4

A4 - 2.520672 x 10 .7

A : rum

B0 - 123. 4014

B 1 - -2.116255

B2 - 1.111572 x 10 .2

B3 - -1.881058 x I0"5

Range: 173 to 240 rim; 194 to 320 K
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Table 15. Absorption Cross Sections of N20 at 298 K

1020a A 1020a A 1020a

(nm) (cm 2 ) (nm) (cm 2 ) (r.m) (cm 2 )

173 II

174 ii

175 12

176 13

177 14

178 13

179 14

180 14

181 14

182 14

183 14

184 14

185 14

186 13

187 13

188 12

189 11

190 11

191 10

192 9

193 8

194 8

195 7

3 196 6.82 _19 0.115

9 197 6.10 220 0.0922

6 198 5.35 221 0.0739

4 199 4.70 222 0.0588

0 200 4.09 223 0.0474

9 201 3.58 224 0.0375

4 202 3.09 225 0.0303

6 203 2.67 226 0.0239

6 204 2.30 227 0.0190

7 205 1.95 228 0.0151

6 206 1.65 229 0.0120

4 207 1.38 230 0.00955

3 208 1.16 231 0.00760

6 209 0.980 232 0.00605

1 210 0.755 233 0.00478

5 211 0.619 234 0.00360

7 212 0.518 235 0.00301

1 213 0.421 236 0.00240

4 214 0.342 237 0.00191

75 215 0.276 238 0.00152

95 216 0.223 239 0.00123

ii 217 0.179 240 0.00101

57 218 0.142
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N205+ hw _ Products

The absorption cross sections of dlnltrogen pentoxide, N205, have

been measured at room temperature by Jones and Wulf (1937) between 285 and

380 nm, by Johnston and Graham (1974) between 210 and 290 nm, by Graham

(1975) between 205 and 380 nm; and for temperatures in the 223 to 300 K

range by Yao et al (1982), between 200 and 380 nm. The agreement is good,

particularly considering the difficulties in handling N205, The recom-
mended cross section values, listed in Table 16, are taken from Yao et al

(1982); for wavelengths shorter than 280 nm there is little or no tempera-

ture dependence, and between 285 and 380 nm the temperature effect is best

computed with the expression listed at the bottom of Table 16.

There are now several studies on the primary photolysis products of

N205: Swanson et al (1984) have measured the quantum yield for NO 3

production at 249 and at 350 nm, obtaining a value close to unity, which is

consistent with the observations of Burrows e__tal (1984b) for photolysls at
254 nm. Barker e__tal (1985) report a quantum yield for O(3p) production

at 290 nm of less than 0.i, and near unity for NO 3. For O-atom production

Margltan (private communication, 1985) measured a quantum yield value of

0.55 at 266 nm, and Ravlshankara et al (1986) report values of 0.72, 0.38,

0.21 and 0.15 at 248, 266, 287 and 289 nm, respectively, with a quantum yield

near unity for NO 3 production at all these wavelengths. It appears, then,

that NO 3 is produced with unit quantum yield while the O-atom and hence the

NO yield increases at shorter wavelengths with a consequent decrease in the

NO 2 yield. The study of Oh et al (1986) indicates that, besides NO3, the

primary photolysis products are a wavelength dependent mixture of NO2, NO2*

and NO + O, where NO2* represents one or more excited electronic states,
most likely the 2B 1 state.

Table 16. Absorption Cross Sections of N205

A(nm) 1020o(cm 2) A(nm) 1020o(cm 2)

200 920 245 52

205 820 250 40

210 560 255 32

215 370 260 26

220 220 265 20

225 144 270 16.1

230 99 275 13.0

235 77 280 11.7
240 62

For 285 nm< A < 380 nm; 300 K > T > 225 K:

i020o - exp[2.73_ + ((4728.5 - 17.127 A)/T)]

where o is in cm_/molecule; A in nm; and T in Kelvin.
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HONO+ h_ _ HO+ NO

The ultraviolet spectrum of HONO between 300 and 400 nm has been

studied by Stockwell and Calvert (1978) by examination of its equilibrium

mixtures with NO, NO2, H20, N203 and N204; the possible interferences by

these compounds were taken into account. The recommended cross sections,
taken from this work, are listed in Table 17.

Table 17. HONO Absorption Cross Sections

10200 A 1020o A 10200

(nm) (cm 2 ) (rum) (cm 2 ) (nm) (cm 2)

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

0.0

0.0

0.2

0 42

0 46

0 42

03

0 46

36

6 I0

21

4 27

40l

3.93

4.01

4.04

3.13

4.12

7.55
6.64

7.29

8.70

13.8

5.91

5.91

6.45

5.91

4.58

19.1

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

16.3

10.5

8.70

33.5
20.1

10 2

8 54

8 32

8 20

7 49

7 13
6 83

17 4

11.4

37.1

49.6

24.6

11.9

9.35

7.78

7.29

6.83

6.90

7.32

9.00

12.1

13.3

21.3

35.2

368

369

370

371

372

373

374
375

376

377

378

379

380

381
382

383
384

385

386

387

388

389

390

391

392

393

394

395

395

45.0

29.3

11.9

9.46

8.85

7.44

4.77

2.7
1.9

1.5

1.9

5.8

7.78

ii .4

14.0

17.2

19.9

19.0

11.9

5.65

3.2

1.9

1.2

0.5

0.0

0.0

0.0

0.0

0.0
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HNO3 + hv * OH + NO 2

The recommended absorption cross sections, listed in Table 18, are

taken from the work of Mollna and Molina (1981). These data are in good

agreement throughout the 190-330nm range with the values reported by Biaume

(1973). They are also in very good agreement with the data of Johnston and

Graham (1973) except towards both ends of the wavelength range. Okabe

(1980) has measured the cross sections in the 110-190 nm range; his results

are 20-30% lower than those of Biaume and of Johnston and Graham around

185-190 nm.

Johnston et al (1974) measured a quantum yield value of -i for the

OH + NO 2 channel in the 200-315 nm range, using end product analysis. The
quantum yield for O-atom production at 266 nm has been measured to be 0.03,

and that for H-atom production less than 0.002, by Margltan and Watson (1982),

who looked directly for these products using atomic resonance fluorescence.

Jolly e_al (1986) measured a quantum yield for OH production of 0.89 ± 0.08

at 222 nm. VaghJiani and Ravishankara (private communication) have measured

a quantum yield of unity for OH production at 248 nm. It appears that for

atmospheric purposes OH and NO 2 are the only major products.

Table 18. Absorption Cross Sections of HNO 3 Vapor at 298 K

A 1020a A 1020a

(rim) (cm 2 ) (rim) (cm 2 )

190

195

200

205

210

215

220

225

230

235

240

245

250

255

1560

1150

661

293

105

35.6

15 1

8 62

5 65

3 72

2 57

2 10

1 91

1.90

260 1.88

265 1.71

270 1.59

275 1.35

280 i. I0

285 O.848

290 0.607

295 0.409

300 0.241

305 0.146

310 0.071

315 0.032

320 0.012

325 0.005

330 0.002
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HO2NO2 + hv _ Products

There are five studies of the UV spectrum of HO2NO2 vapor: Cox and
Patrick (1979), Morel et al (1980), Graham et al (1978b), Molina and Molina

(1981), and Singer et al (1989). The latter three studies are the only

ones covering the gas phase spectrum in the critical wavelength range for

atmospheric photodissociation, that is, wavelengths longer than 290 nm.

The recommended values, listed in Table 19, are an average of the work of

Molina and Molina (1981) and of Singer et al (_989), which are the more

direct studies. The cross sections appear to be temperature-independent

between 298 and 253 K (Singer e__ttal, 1989). MacLeod e__tal (1988) report that

photolysis at 248 run yields one third OH and NO 3 and two thirds HO 2 + NO 2.

Table 19. Absorption Cross Sections of HO2NO 2 Vapor

1020o A 1020a

(r.m) (cm 2 ) (rim) (cm 2 )

190 i010 260 28.5

195 816 265 23.0

200 563 270 18.1

205 367 275 13.4

210 239 280 9.3

215 161 285 6.2

220 118 290 3.9

225 93.5 295 2.4

230 79.2 300 1.4

235 68.2 305 0.9

240 58.1 310 0.5

245 48.9 315 0.3

250 41.2 320 0.2

255 35.0 325 0.I
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CI2 + hv _ Cl + CI

The absorption cross sections of Cl 2, listed in Table 20, are taken

from the work of Seery and Brltton (1964). These results are in good agree-

ment wlth those reported by Gibson and Bayllss (1933), Fergusson et al

(1936), and Burkholder and Balr (1983).

Table 20. Absorption Cross Sections of CI 2

1020a A i020o

(nm) (cm 2) (nm) (cm 2)

240 0.08 350 18.9

250 0.12 360 13.1

260 0.23 370 8.3

270 0.88 380 4.9

280 2.7 390 3.3

290 6.5 400 1.9

300 12.0 410 1.3

310 18.5 420 0.99

320 23.6 430 0.73

330 25.6 440 0.53

340 23.6 450 0.34
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CIO + hv _ CI + O

The absorption cross sections of chlorine monoxide, CIO, have been

reviewed by Watson (1977). There are more recent measurements yielding

results in reasonable agreement with the earlier ones, (I) by Mandelman and

Nicholls (1977) in the 250-310 nm region; (2) by Wine e__tal (1977) around

283 nm; (3) and by Rigaud et al (1977), (4) Jourdain e__ttal (1978), (5) Sander

and Friedl (1989), (6) Simon e__ta_!l(1989), and (7) Troller e__tal (1990) in

the 270-310 nm region. The peak cross section at the top of the continuum

is 5.2xi0 "18, based on the average of studies (4), (5), (6), (7) and

Johnston et al (1969). Figure 3 shows a spectrum of CIO. It should be

noted that the cross sections on the structured part are extremely dependent

on instrument resolution, and the figure is only a gulde to the line positions

and approximate shapes. The cross sections of the contlnuumare independent

of temperature (Troller e__tal (1990), while the structured part is extremely

temperature dependent. The bands sharpen and grow with a decrease in
temperature.

The calculations of Coxon et al (1976) and Langhoff et al (1977)

indicate that photodecompositlon of CIO accounts for at most 2 to 3 percent

of the total destruction rate of CIO in the stratosphere, which occurs

predominantly by reaction with oxygen atoms and nitric oxide.

CIO0 + hv _ CIO + O

Johnston et al (1969) measured the absorption cross sections of the

CIOO radical using a molecular modulation technique which required inter-

pretation of a complex kinetic scheme. The values listed in Table 21 are
taken from their work.

Table 21. Absorption Cross Sections of CIOO

A I020o A 10200

(nm) (cm 2) (nm) (cm 2)

225 260 255 1240

230 490 260 1000

235 780 265 730

240 1050 270 510

245 1270 275 340

250 1230 280 230
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OClO+ hv _ 0 + ClO

The spectrum of OCIO is characterized by a series of well developed

progressions of bands extending from -280 to 480 nm. The spectroscopy of

this molecule has been studied extensively, and the quantum yleld for photo-

dissociation appears to be unity throughout the above wavelength range. See,

for example, the review by Watson (1977). Birks e__tal (1977) have estimated

a half-llfe against atmospheric photodlssoclatlon of OC10 of a few seconds.

The recommended absorption cross section values are those reported by

Wahner et al (1987), who measured the spectra with a resolutlon of 0.25 nm

at 204, 296 and 378 K, in the wavelength range 240 to 480 nm. Table 22

lists the cross section values at the peak of the bands [a(0) to a(26)].

Figure 4, from Wahner et al, shows the OCIO spectrum at 220 K and at room

temperature.

Table 22. Absorption Cross Sections of OCIO at the Band Peaks

1020° (cm 2)

A(nm) 204 K 296 K 378 K

475.53

461.15

446.41

432.81

420.58

408.83

397.76

387.37

377.44

368.30

359.73

351.30

343.44

336.08

329 22

322 78

317 21

311 53

305 99

300 87

296 42

391 77

287 80
283 51

279 64

275 74

272.93

- 13

17 17 16

94 69 57

220 166 134

393 304 250
578 479 378

821 670 547

1046 844 698

1212 992 808

1365 1136 920

1454 1219 984

1531 1275 989

1507 1230 938

1441 1139 864

1243 974 746

1009 791 628

771 618 516

542 435 390

393 312 291

256 219 216

190 160 167

138 114 130

105 86 105

089 72 90

073 60 79

059 46 -

053 33 -
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CIO 3 + hv _ Products

Table 23 lists absorption cross sections of chlorine trioxide, CIO3,

for the 200 to 350 nm range obtained by graphical interpolation between the

data points of Goodeve and Richardson (1937). Although the quantum yield

for decomposition has not been measured, the continuous nature of the

spectrum indicates that it is likely to be unity.

Table 23. CIO 3 Absorption Cross Sections

1020a A 1020o

(run) (cm 2 ) (rim) (cm 2 )

200 530 280 460

210 500 290 430

220 480 300 400

230 430 310 320

240 350 320 250

250 370 330 180

260 430 340 II0

270 450 350 76

C1202 + hv

The recommended absorption cross sections for dlchlorlne peroxide (the

CIO dlmer), CIOOCI, are listed in Table 24. The values are the smoothed

average of the results reported by Cox and Hayman (1988), DeMore and

Tschulkow-Roux (1989), Permlen e__t al (1988), and Burkholder et al (1989).

These measurements were carried out in the 200-250 K temperature range;

thermal decomposition of the dimer occurs very fast at higher temperatures.

There is general agreement among these workers on the shape of the spectrum,

and the cross section values at the maximum at about 245 nm are within 10%.

There are, however, significant discrepancies, i.e., around 280 nm. The

results of Burkholder e__tal (1989) are about 35% larger than those of the other

three data sets. More accurate measurements are needed, particularly beyond

290 nm, in order to better estimate atmospheric photodissoclatlon rates.

Recent studies have shown that the UV spectrum originally attributed by

Mollna and Mollna (1988) to C1202 is actually the spectrum of C1203, which

is a CIO-OCIO adduct (Cox and Hayman, 1988; DeMore and Tschulkow-Roux, 1990;

Permien e__t al, 1988; Burkholder eta_!, 1990). These studies also indicate

that only one stable species is produced in the recombination reaction of

CIO with itself, and that this species is dichlorine peroxide, CIOOCI,

rather than CIOCIO. Using submilllmeter wave spectroscopy, Birk et al

(1989) have further established the structure of the recombination product
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to be CIOOCI. These observations are in agreement with the results of

quantum mechanical calculations (McGrath et al, 1988). The quantum yield

for photodissociation is believed to be unity, with the products probably

being CI + CIO0 (Cox and Hayman, 1988). However, further experimental

verification is required.

Table 24. Absorption Cross Sections of CIOOCI around 200-250 K

A o A o A o A o

(rum) (1020cm 2) (rum) (1020cm 2) (rim) (1020cm2) (rim) (1020cm2)

200 383.5 240 600.3 280 172.5 320 25.6

202 352.9 242 625.7 282 159.6 322 23.4

204 325.3 244 639.4 284 147.3 324 21.4

206 298.6 246 642.6 286 136.1 326 19.2

208 274.6 248 631.5 288 125.2 328 17.8

210 251.3 250 609.3 290 114.6 330 16.7

212 231.7 252 580.1 292 104.6 332 15.6

214 217.0 254 544.5 294 95.4 334 14.4

216 207.6 256 505.4 296 87.1 336 13.3

218 206.1 258 463.1 298 79.0 338 13.1

220 212.1 260 422.0 300 72.2 340 12.1

222 227.1 262 381.4 302 65.8 342 11.5

224 249.4 264 344.6 304 59.9 344 10.9

226 280.2 266 311.6 306 54.1 346 I0.i

228 319.5 268 283.3 308 48.6 348 9.0

230 365.0 270 258.4 310 43.3 350 8.2

232 415.4 272 237.3 312 38.5 352 7.9

234 467.5 274 218.3 314 34.6 354 6.8

236 517.5 276 201.6 316 30.7 356 6.1

238 563.0 278 186.4 318 28.0 358 5.8

360 5.5
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HCI + h_ _ H + C1

The absorption cross sections of HCI, listed in Table 25, are taken

from the work of Inn (1975).

Table 25. Absorption Cross Sections of HCI Vapor

10200 A 10200

(rim) (cm 2 ) (rim) (cm 2 )

140 211 185

145 281 190

150 345 195

155 382 200

160 332 205

165 248 210

170 163 215

175 109 220

180 58.8

31.3

145

6 18

2 56

0 983

0 395

0 137

0 048
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HOCI+ hv _ OH + Cl

The absorption cross sections of HOCI vapor have been measured by

several groups. Mollna and Mollna (1978) and Knauthet al (1979) produced

this species using equilibrium mixtures with Cl20 and H20; their results

provided the basis for the earlier recommendation. More recently,

Mishalanie et al (1986) and Permlen et al (1988) used a dynamic source to

generate the HOCI vapor. The cross section values reported by Mollna and

Molina (1978), Mishalanle et al (1986), and Permlen et al (1988) are within

20% between 250 and 330 nm. In this wavelength range, the values reported

by Knauth 9_qal (1977) are significantly smaller, e.g., a factor of four at

280 nm. Beyond 340 nm, the cross sections of Mishalanle et al are much

smaller than those obtained by the other three groups: at 365 nm, the

discrepancy is about an order of magnitude.

The recommended values are taken from the work of Permien et al; they

are listed in Table 26. These authors were able to produce HOCI vapor in

the absence of significant amounts of other absorbing gases such as C12 and

C120. The corrections due to the presence of these impurities are the most

likely source of error in most of the investigations.

Mollna et al (1980b) observed production of OH radicals in the laser

pbotolysls of HOCI around 310 nm, and Butler and Phillips (1983) found no

evidence for O-atom production at 308 nm, placing an upper limit of -0.02

for the primary quantum yield for the HCI + O channel.

Table 26. Absorption Cross Sections of HOCI

A 10200 A I020o

(rim) (cm 2) (rim) (cm 2)

215 8.71 295 16.12

220 13.26 300 14.55

225 18.95 305 12.30

230 25.33 310 10.43

235 31.48 315 8.60

240 36.48 320 6.95

245 38.89 325 5.54

250 40.49 330 4.35

255 38.54 335 3.32

260 34.11 340 2.48

265 28.34 345 1.83

270 23.61 350 1.34

275 20.63 355 0.92

280 19.18 360 0.61

285 18.26 365 0.42

290 17.38 370 0.27

375 0.15
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CINO+ hv _ C1 + NO

Nltrosyl chloride has a continuous absorption extending beyond 650 nm.

There is good agreement between the work of Martin and Garels (1956) for the

240 to 420 nmwavelength region, of Ballash and Armstrong (1974) for the 185

to 540 nm region, of lilies and Takacs (1976) for the 190 to 400 nm region,

and of Tyndall et al (1987) for the 190 to 350 region except around 230 nm,

where the values of Ballash and Armstrong are larger by almost a factor of two.

The recommended absorption cross sections, listed in Table 27, are taken from

the recent work of Tyndall et al (1987).

The quantum yield for the primary photolytlc process has been reviewed

by Calvert and Pitts (1966a); it is unity over the entire visible and near-
ultraviolet bands.

Table 27. C1NO Absorption Cross Sections

1020o A 10200 A 10200 A 10200

(rim) (cm 2 ) (rim) (cm 2 ) (rim) (cm 2 ) (rim) (cm 2 )

190 4320 230 266 270 12.9 310 Ii

192 5340 232 212 272 12.3 312 II

194 6150 234 164 274 11.8 314 12

196 6480 236 120 276 11.3 316 12

198 6310 238 101 278 10.7 318 13

200 5860 240 82.5 280 10.6 320 13

202 5250 242 67.2 282 10.2 322 13.

204 4540 244 55.1 284 9.99 324 14.

206 3840 246 45.2 286 9.84 326 14.

208 3210 248 37.7 288 9.71 328 14.

210 2630 250 31.7 290 9.64 330 14.

212 2180 252 27.4 292 9.63 332 14.

214 1760 254 23.7 294 9.69 334 15.

216 1400 256 21.3 296 9.71 336 15.

218 Iii0 258 19.0 298 9.89 338 15

220 896 260 17.5 300 I0.0 340 15,

222 707 262 16.5 302 10.3 342 15

224 552 264 15.3 304 10.5 344 15

226 436 266 14.4 306 10.8 346 15

228 339 268 13.6 308 Ii.I 348 14

350 14
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CINO 2 + hv _ Products

The absorption cross sections of nltryl chloride, GIN02, have been

measured between 230 and 330 nm by Martin and Garels (1956), between 185

and 400 nm by Illles and Takacs (1976), and between 270 and 370 nm by

Nelson and Johnston (1981). The results are in good agreement below 300 nm.

Table 28 lists the recommended values, which are taken from lilies and

Takacs (1976) between 190 and 270 nm, and from Nelson and Johnston (1981)

between 270 and 370 rum. These latter authors showed that an approximate

6% Cl 2 impurity in the samples used by lllles and Takacs could explain

the discrepancy in the results above 300 nm. Nelson and Johnston (1981)

report a value of one (within experimental error) for the quantum yield

for production of chlorine atoms; they also report a negligible quantum

yield for the production of oxygen atoms.

Table 28. Absorption Cross Sections of CINO 2

10200 A 10200

(rum) (cm 2) (rn) (c= 2)

190 2690 290 18.1

200 455 300 15.5

210 339 310 12.5

220 342 320 8.70

230 236 330 5.58

240 140 340 3.33

250 98.5 350 1.78

260 63.7 360 1.14

270 37.2 370 0.72

280 22.3
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CIONO + hv _ Products

Measurements in the near-ultraviolet of the cross sections of chlorine

nitrite (CIONO) have been made by Mollna and Molina (1977). Their results

are listed in Table 29. The characteristics of the spectrum and the insta-

bility of CIONO strongly suggest that the quantum yield for decomposition

is unity. The CI'O bond strength is only about 20 kilocalories, so that

chlorine atoms are likely photolysis products.

Table 29. CIONO Absorption Cross Sections at 231 K

A 1020o A 10200

(rim) (cm 2) (rim) (cm 2)

235 215.0 320 80.3

240 176.0 325 75.4

245 137.0 330 58.7

250 106.0 335 57.7

255 65.0 340 43.7

260 64.6 345 35.7

265 69.3 350 26.9

270 90.3 355 22.9

275 110.0 360 16.1

280 132.0 365 11.3

285 144.0 370 9.0

290 144.0 375 6.9

295 142.0 380 4.1

300 129.0 385 3.3

305 114.0 390 2.2

310 105.0 395 1.5

315 98.1 400 0.6
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CIONO2 + hv _ Products

The recommended cross section values, listed in Table 30, are taken

from the work of Molina and Mollna (1979), which supersedes the earlier

work of Rowland, Spencer and Molina (1976).

The identity of the primary photolytic fragments has been investigated

by several groups. Smith et al (1977) report 0 + CIONO as the most likely

products, using end product analysis and steady-state photolysis. The

results of Chang et al (1979b), who employed the "Very Low Pressure Pho-

tolysis" (VLPPh) technique, indicate that the products are CI + NO 3.

Adler-Golden and Wiesenfeld (1981), using a flash photolysis atomic absorp-

tion technique, find O-atoms to be the predominant photolysis product, and

report a quantum yield for Cl-atom production of less than 4%. Marinelli

and Johnston (1982b) report a quantum yield for NO 3 production at 249 nm

between 0.45 and 0.85 with a most likely value of 0.55; they monitored NO 3

by tunable dye-laser absorption at 662 nm. Margltan (1983a) used atomic

resonance fluorescence detection of O- and Cl-atoms and found the quantum

yield at 266 and at 355 nm to be 0.9 ± 0.I for Cl-atom production, and -0.i

for O-atom production, with no discernible difference at the two wavelengths.

Burrows et al (1988) report also CI and NO 3 as the photolysis products at

254 nm, with a quantum yleld of unity within experimental error.

The preferred quantum yield values are 0.9 for the CI + NO 3 channel,

and a complementary value of 0.1 for the 0 + CIONO channel. The recommenda-

tion is based on Margitan (1983a), whose direct study is the only one with

results at a wavelength longer than 290 nm, which is where atmospheric

photodissoclation will predominantly occur. The reason for the discrepancy

with the studies by Adler-Golden and Weisenfeld (1981) and by Marinelli and

Johnston (1982b) is almost surely that the rate constant for C1 + CINO 3 is

much faster (two orders of maEnitude ) than previously thought (Margitan,

1983a; Kurylo et al, 1983a).
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Table 30. Absorption Cross Sections of CIONO 2

1020a(cm 2)

(rum) 227K 243K 296K (nm) 227K

1020a(cm2)

243K 296K

190 555 - 589 325

195 358 - 381 330

200 293 - 307 335

205 293 - 299 340

210 330 - 329 345

215 362 360 350

220 348 344 355

225 282 286 360

230 206 210 365

235 141 149 370

240 98.5 106 375

245 70.6 77.0 380

250 52.6 50.9 57.7 385

255 39.8 39.1 44.7 390

260 30.7 30.1 34.6 395

265 23.3 23.1 26.9 400

270 18.3 18.0 21.5 405

275 13.9 13.5 16.1 410

280 10.4 9.98 11.9 415

285 7.50 7.33 8.80 420

290 5.45 5.36 6.36 425

295 3.74 3.83 4.56 430

300 2.51 2.61 3.30 435

305 1.80 1.89 2.38 440

310 1.28 1.35 1.69 445

315 0.892 0.954 1.23 450

320 0.630 0.681 0.895

0.463

0.353

0.283

0.246

0.214

0.198

0.182

0.170

0.155

0.142

0.128

0.113

0.098

0.090

0.069

0.056

0.502

0.381

0.307

0.255

0.223

0.205

0.183

0.173

0.159

0.140

0.130

0.114

0.i00

0.083

0.070

0.058

0.655

0.514

0.397

0.323

0.285

0.246

0.218

0.208

0.178

0.162

0.139

0.122

0.108

0.090

0.077

0.064

0.055

0.044

0.035

0.027

0.020
0.016

0.013

0.009

0.007

0.005
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Halocarbon Absorption C_os$ Sections and Quantum YSelds

The primary process in the photodissoctation of chlorinated hydro-
carbons is well established: absorption of ultraviolet radiation in the

lowest frequency band is interpreted as an n-o* transition involving

excitation to a repulsive electronic state (antlbondlng in C-CI), which

dissociates by breaking the carbon chlorine bond (MaJer and Simons, 1964).

As expected, the chlorofluoromethanes, which are a particular type of

chlorinated hydrocarbons, behave in this fashion (Sandorfy, 1976). Hence,

the quantum yield for photodlssoclation is expected to be unity for these

compounds. There are several studies which show specifically that this is

the case for CF2C12, CFCI 3 and CCI 4. These studies, which have been reviewed

in CODATA (1982), also indicate that at shorter wavelengths two halogen

atoms can be released slmultaneously in the primary process.

CCI 4 + hv _ Products; CCI3F + hv _ Products; CCI2F 2 + hv _ Products

Several authors have reinvestigated the absorption cross sections for

CCI 4, CC13F, and CCI2F 2. These include Hubrlch 9__ al (1977), Hubrich

and Stuhl (1980), Vanlaethem-Meuree et al (1978a,b), and Green and Wayne

1976, 1977). The results are, in general, in very good agreement with our

earlier recommendations. Tables 31, 32 and 33 llst the present recommenda-

tions for the cross sections of CC14, CCI3F and CC12F2, respectively. These

data are given by the mean of the values reported by various groups, i.e.,
those cited above as well as those referred to in earlier evaluations

(CODATA, 1982). Absorption cross sections for these species over the

temperature range 295-210 K have recently been reported by Simon et al

(1988a). These results are in generally good agreement with the present

recommendations. For atmospheric photodissoclatlon calculations the change

in the cross section values with temperature is negligible for CCI 4 and

CFC13; for CF2CI 2 the temperature dependence is given by the expression
at the bottom of Table 33.
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Table 31. Absorption Cross Sections of CCI 4

1020a _ 1020a

(rim) (cm 2 ) (rim) (cm 2 )

174 995 218 21.8

176 1007 220 17.0

178 976 222 13.0
180 772 224 9.61

182 589 226 7.19

184 450 228 5.49

186 318 230 4.07

188 218 232 3.01

190 144 234 2.16

192 98.9 236 1.51

194 74.4 238 1.13

196 68.2 240 0.784

198 66.0 242 0.579

200 64.8 244 0.414

202 62.2 246 0.314

204 60.4 248 0.240

206 56.5 250 0.183

208 52.0 255 0.0661

210 46.6 260 0.0253

212 39.7 265 0.0126

214 33.3 270 0.0061

216 27.2 275 0.0024
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Table 32. Absorption Cross Sectlons of CCI3F

I020o A 1020a

(rim) (cm 2) (rim) (cm 2)

170 316 208 21.2

172 319 210 15.4

174 315 212 10.9

176 311 214 7.52

178 304 216 5.28

180 308 218 3.56

182 285 220 2.42

184 260 222 1.60

186 233 224 1.10

188 208 226 0.80

190 178 228 0.55

192 149 230 0.35

194 123 235 0.126

196 99 240 0.0464

198 80.1 245 0.0173

200 64.7 250 0.00661

202 50.8 255 0.00337

204 38.8 260 0.00147

206 29.3
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Table 33. Absorption Cross Sections of CCI2F 2

1020o A 1020o

(rua) (c= 2) (rua) (c= 2)

170 124 200 8.84

172 151 202 5.60

174 171 204 3.47

176 183 206 2.16

178 189 208 1.52

180 173 210 0.80
182 157 212 0.48

184 137 214 0.29

186 104 216 0.18

188 84.1 218 0.12

190 62.8 220 0.068

192 44.5 225 0.022

194 30.6 230 0.0055

196 20.8 235 0.0016

198 13,2 240 0.00029

o T " °298exp[4"l x lO'4(A-lS4.9)(T-298)]

Where: o298 : cross section at 298 K

:nm

T : temperature, Kelvin
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CHC1F 2 + hv _ Products

The absorption cross sections of CHCIF 2 (CFC-22) have been measured

at room temperature by Robbins and Stolarskl (1976) and by Chou et al

(1976), at 208 K and 218 K by Hubrlch et al (1977), and between 210 and

295 K by Simon et al (1988a). The agreement between these groups is

reasonable. The preferred absorption cross sections, listed in Table 34,

are taken from the recent work of Simon et al.

Photolysls of CHCIF 2 is rather unimportant throughout the atmosphere:

reaction with OH radicals is the dominant destruction process.

Table 34. Absorption Cross Sections of CHCIF 2

1020.(cm 2)

A(nm) 295K 270K 250K 230K 210K

174

176

178

180

182

184

186

188
190

192

194

196

298

200
2O2

2O4

5.72

4.04
2.76

1.91

1.28

0.842

0.576

0 372

0 245
0 156

0 103

0 072

0 048

0.032

0.0220

0.0142

5.72 5.72

4.04 4.04

2.76 2.76

1.91 1.91

1.28 1.28

0.842 0.842

0.576 0.576

0.372 0.372

0.245 0.245

0.156 0.156

0.102 0.099

0.069 0.067

0.045 0.043

0.029 0.029
0.0192 0.0184

0.0121 0.0114

5.72

4.04

2.76

1.91

1.28

0.842

0.576

0.372

0 245
0 152

0 096

0 064

0 041

0 0259

0 0169

0.0104

5.72

4.04
2.76

1.91

1.28

0.842

0.576

0.372

0.242

0.148

0.093
0.062

0.039

0.0246

0.0159

0.0096
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CH3CI+ hv _ Products

The preferred absorption cross sections, listed in Table 35, are those

given by Vanlaethem-Meuree et al (1978b). These values are in very good

agreement with those reported by Robblns (1976) at 298 K, as well as with

those given by Hubrich et al (1977) at 298 K and 208 K, if the temperature

trend is taken into consideration. The results recently reported by Simon

e__ta__l(1988a) over the temperature range 295-210 K are in excellent agree-
ment with the present recommendation.

Table 35. Absorption Cross Sections of CH3CI

1020o(cm 2)

A

(nm) 296 K 279 K 255 K

186 24.7 24.7 24.7

188 17.5 17.5 17.5

190 12.7 12.7 12.7

192 8.86 8.86 8.86

194 6.03 6.03 6.03

196 4.01 4.01 4.01
198 2.66 2.66 2.66

200 1.76 1.76 1.76

202 1.09 1.09 1.09

204 0.691 0.691 0.691

206 0.483 0.475 0.469

208 0.321 0.301 0.286

210 0.206 0.189 0.172
212 0.132 0.121 0.102

214 0.088 0.074 0.059

216 0.060 0.048 0.033
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CH3CF2CI + I_ _ Products

The preferred absorption cross sections at 298 K, listed in Table 36

and shown in Figure 5, are the mean of the values reported by Gillotay et al

(1989a) and Orlando et al (1990) over the wavelength range where the agree-

ment is better than a factor of two. At lower wavelengths the agreement is

much better; e.g., at 200 nm the agreement is within 5Z. Green and Wayne

(1976/77) and Hubrich and Stuhl (1980) have also measured the cross

sections in the ranges 185-200 nm and 160-230 nm, respectively. The

results of Green and Wayne are very different from the recommended value
and were not considered for this evaluation. The results of Hubrlch and

Stuhl (reported at 5 nm intervals) are in reasonable agreement with the

more recent studies of Gillotay et al and Orlando et al. The temperature

dependence of the cross sections has been measured by Orlando 9__ al but has
not been included in this evaluation.

CF3CHCI 2 + hv _ Products

The preferred absorption cross sections at 298 K, listed in Table 36

and shown in Figure 5, are the mean of the values reported by Gillotay et al

(1989a) and Orlando et al (1990). The agreement is quite good over the

entire wavelength range. The measurements by Green and Wayne (1976/77)

over the range 185-205 nm are in reasonable agreement with the recommended

value. The temperature dependence of the cross sections has been measured

by Orlando et al but is not included here.

CF3CHFCI + hv * Products

The preferred value is that reported by Orlando et al (1990), this being

the only available set of measurements between 190 and 230 nm. The data are

listed in Table 36 and shown in Figure 5. The measurements by Hubrich and

Stuhl between 160 and 185 nm do not overlap the range covered by Orlando

et al; however, extrapolation (assuming an exponential fall in cross

section with wavelength) of Hubrich and Stuhl's results yields values which

tend to be higher than those of Orlando. The temperature dependence of the

cross section has been measured by Orlando et al but has not been evaluated

here. The quantum yield for the dissociation to give C1 atoms is expected

to be unity.

CH3CFCI 2 + h_ _ Products

The preferred value, listed in Table 36 and shown in Figure 5, is that

reported by Gillotay et al (1989a), which are the only available data. The

temperature dependence of the cross sections has not been measured but is

expected to be similar to that in CF3CH2CI , CF3CHCI2, and CH3CF2CI; i.e.,

decreasing cross sections with decreasing temperature at longer wavelengths.

The quantum yield for dissociation is expected to be unity.
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Table 36. Absorption Cross Sections of Hydrochlorofluoroethanes at 298 K

1020 o (cm 2) at 298 K

(rim) CH3CFCI 2 CH3CF2CI CF3CHCI 2 CF3CHFCI

190 86.3 0.94 56.7

192 67.1 0.66 43.2

194 49.9 0.46 31.7

196 36.6 0.31 23.0

198 25.7 0.21 16.4

200 18.3 0.14 11.5

202 12.6 0.09 8.1

204 8.5 0.061 5.6

206 5.6 0.039 3.0

208 3.7 0.026 2.7

210 2.4 0.017 1.8

212 1.5 0.010 1.3

214 0.98 0.007 0.85

216 0.63 0.004 0.58

218 0.41 0.003 0.39
220 0.27 0.002 0.28

073

0 53

038

0 26

0,18

013

0_086
0059

0,040

0,026

0018

0012

0008

0,006

0004

0,003

138



e_

d
O

.l

_mJ

8
t_

O
o_

O

I00

10

1

.1

.01

124/
CF3CHFCI

141B

CH3CFCI 2

142B

CH3CF2CI

Wavelength, nm

220

Figure 5. Absorption Spectra of Some Hydrochlorofluoroethanes

139



CH3CCI3 + hv _ Products

The absorption cross sections have been measuredby Robbins (1977), by
Vanlaethem-Meuree et al (1979) and by Hubrich and Stuhl (1980). These
latter authors corrected the results to account for the presence of a UV-
absorbing stabilizer in their samples, a correction which might account for
the rather large discrepancy with the other measurements. The results of
Robbins (1977) and of Vanlaethem-Meureeet al (1979) are in good agreement.
The recommendedvalues are taken from this latter work (which reports values
at 210 K, 230 K, 250 K, 270 K and 295 K, every 2 nm, and in a separate
table at wavelengths corresponding to the wavenumberintervals generally
used in stratospheric photodissociatlon calculations). Table 37 lists the
values at 210 K, 250 K and 295 K, every 5 nm; the odd wavelength values
were computedby linear interpolation.

Table 37. Absorption Cross Sections of CH3CCI3

1020a(cm2)

(nm) 295 K 250 K 210 K

185
190
200
205
210
215
220
225
230
235
240

265
192
81 0
46 0
24
I0
4
I
0
0
0

0

3

15

76

700

282

102

265 265

192 129

81.0 81.0

44.0 42.3

21.6 19.8

8.67 7.47

3.42 2.90

1.28 0.97

0.470 0.330

0.152 0.088

0.048 0.024

CF3Br + hv _ Products

The preferred absorption cross sections at 298 K, listed in Table 38

and shown in Figure 6, are the mean of the 'values reported by Gillotay and

Simon (1989) at 2 nm intervals and Orlando (private communication, 1989) at

i nm intervals over the wavelength range where the agreement is acceptable,

i.e, better than 70%. At longer wavelengths Orlando e__tal measure larger

values than those reported by Glllotay and Simon. Molina et al (1982) have

also measured these cross sections which agree better with Glllotay and

Simon. However, the agreement in the wavelength range 190-230 nm among

the three studies is excellent. The temperature dependence of the cross

sections has been measured by Glllotay and Simon as well as Orlando. The

agreement between these two studies is poor. We have not evaluated the

temperature dependence of the cross section and the readers are referred to
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the investigators for the information. For all the bromofluoromethanes,
photolysls is expected to cleave the C-Br band with unit quantum efficiency.

CF2Br 2 + hv _ Products

The preferred absorption cross sections at 298 K, listed in Table 38 and

shown in Figure 6, are the mean of the values reported by Glllotay and Simon

(1989) at 2 nm intervals and Orlando (private communication, 1989) at I nm

intervals over the wavelength range where the disagreement is no more than

a factor of two. At wavelengths longer than -250 nm, Orlando measured cross

sections larger than those reported by Gillotay and Simon (1989) and Molina

etal (1982). The discrepancy increases with wavelength and is more than a

factor of two beyond 280 nm. However, the agreement between all three mea-

surements is acceptable below 250 nm. Mollna et al's values agree with those

of Gillotay and Simon over the entire range of wavelengths. The temperature

dependence of the cross sections has been measured by Gillotay and Simon as

well as Orlando. The agreement between these two studies is poor.

The quantum yield for the dissociation of CF2Br 2 is expected to be

unity. However, Walton (1972) reports that the quantum yield at 265 nm

decreases from unity when the system pressure is raised to 50 torr of CO 2.

This uncertainty regarding non-unit quantum yield for the dissociation of

CF2Br 2 needs to be resolved.

CF2BrCI + hv _ Products

The recommended cross sections at 298 K, listed in Table 38 and shown

in Figure 6, are the mean of the values reported by Gillotay and Simon

(1989) at 2 nm intervals and Orlando (private communication, 1989) at I nm

intervals. Mollna et al (1982) and Giolando et al (1980) have also measured

the cross sections at 5 nm and i0 nm intervals, respectively. The agreement

between the four studies is quite good.

The temperature dependence of the cross sections has been measured by

Gillotay and Simon as well as Orlando. The agreement between the two

studies is poor. We have not evaluated the temperature dependence of the

cross section and the readers are referred to the investigators for this
information.

CF2BrCF2Br + hv _ Products

The preferred absorption cross sections at 298 K, listed in Table 38

and shown in Figure 6, are the mean of the values reported by Gillotay et al

(1988) at 2 run intervals and Orlando (private communication, 1989) at 1 nm

intervals over the wavelength range where the agreement is acceptable, i.e.,

-70%. At longer wavelengths, Orlando measured larger cross sections than

those measured by Gillotay et al. Mollna et al (1982) have also measured

these cross sections and they agree with the results of Gillotay et al at

longer wavelengths. The agreement between the three studies at wavelengths
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shorter than 250 nm is good. The results of Robbins (1977) are in good
agreement with the recommendedvalues.

The temperature dependenceof the cross sections has been measuredby
Gillotay et al (1988) and Orlando. The agreement between the two studies is

poor at longer wavelengths. We have not evaluated the temperature dependence

of the cross section and the readers are referred to the investigators for

the information.

Table 38. Absorption Cross Sections of CF2CIBr, CF2Br2,

CF3Br, and CF2BrCF2Br at 298 K

1020 o (cm 2)

A

(nm) CF2CIBr CF2Br 2 CF3Br CF2BrCF2Br

190 47 114 6.5 109

192 58 109 7.5 114

194 70 i00 8.6 119

196 83 91 I0 122

198 96 82 Ii 124

200 112 75 ii 124

202 118 72 12 124

204 121 74 12 120

206 122 81 13 117

208 121 93 13 112

210 117 II0 12 106

212 112 136 12 I00

214 106 155 Ii 92

216 98 180 10 85

218 90 203 8.9 77

220 81 224 7.8 69

222 72 242 6.7 61

224 64 251 5.7 54

226 56 253 4.8 47

228 49 250 3.9 40

230 42 241 3.2 35

232 36 227 2.5 29

234 31 209 1.9 24

236 26 189 1.5 20

238 22 168 i.I 16

240 18 147 0.85 13

242 15 126 0.63 Ii

244 12 106 0.46 8.4

246 9.9 88 0.34 6.7

248 7.9 73 0.25 5.2

Continued on next page...
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Table 38 Con't. Absorptlon Cross Sections of CF2CIBr , CF2Br2,

CF3Br, and CF2BrCF2Br at 298 K

1020 a (cm 2)

A

(nm) CF2CIBr CF2Br 2 CF3B r CF2BrCF2Br

250 6.4 59 0.18 4.1

252 5.2 48 0.13 3.1

254 4.0 38 0.091 2.4

256 3.2 30 0.064 1.9

258 2.5 24 0.046 1.4

260 2.0 18 0.034 i.i

262 1.5 14 0.82

264 1.2 ii 0.60

266 0.93 8.4 0.47

268 0.72 6.4 0.36

270 0.54 4.8 0.27

272 0.42 3.7 0.21

274 0.32 2.8 0.16
276 0.24 2.1 0.13

278 0.18 1.6 0.10

280 0.14 1.2 0.068

284 0.072

286 0.053

288 0.033
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The absorption cross sections for various other halocarbons not listed

in this evaluation have also been investigated: for CCIF3, CCI2FCCIF2,

CCIF2CCIF 2 and CCIF2CF 3 the values given by Hubrich and Stuhl (1980) at

298 K are in very good agreement with the earlier results of Chou et al

(1978) and of Robbins (1977); Hubrich and Stuhl also report values of 208 K

for these species. Other absorption cross section measurements include the

followlng: CHCI2F by Hubrich et al (1977); CHCI3, CH2C12, CH2CIF, CF3CH2C1

and CH3CH2C1 by Hubrlch and Stuhl (1980); CHC13, CH3Br, CHFC12, C2HCI 3

and C2H3C13 by Robbins (1977); CH2CI 2 and CHC13 by Vanlaethem-Meuree e__tal

(1978a); CHCI2F , CCIF2CH2CI and CF3CH2CI by Green and Wayne (1976-1977);

and CH3Br , CH2Br 2 and CBrF2CF 3 by Molina et al (1982). Simon and co-

workers have recently reported absorption cross section measurements over the

temperature range 295-210 K for various other halocarbons not listed here.

These include the following: CHCI3, CH2C12, CHFCI 2 and CF3CI by Simon et al

(1988a); CF3CF2C1, CF2CICF2C1 and CF2CICFC12 by Simon et al (1988b); CH3Br

by Oillotary and Simon (1988); and CHBr 3 by Gillotay e_ al (1989b).

As before, the recommendation for the photodissociation quantum yield

value is unity for all these species.

CF 4 and C2F 6 do not have any absorptions at wavelengths longer than

105 and 120 nm, respectively (Sauvageauetal, 1973, 1974; Inn, 1980); there-

fore, they are not expected to photodissociate until they reach the mesosphere.

SF 6 does not absorb at wavelengths longer than 110 nm.

CC120 + hv * Products, CCIFO + hv _ Products, and CF20 + hv * Products

Table 39 shows the absorption cross sections of CC120 (phosgene) and

CFCIO given by Chou et al (1977), and of CF20 taken from the work of Molina

and Mollna (1982). The spectrum of CF20 shows considerable structure;

the values listed in Table 39 are averages over each 50 wavenumber interval.

The spectrum of CFCIO shows less structure, and the CC120 spectrum is a

continuum; its photodissociation quantum yield is unity (Calvert and Pitts,

1966a).

The quantum yield for the photodissociation of CF20 at 206 nm appears
to be -0.25 (Molina and Molina, 1982); addltional studies of the quantum

yield in the 200 nm region are required in order to establish the atmospheric

photodissoclation rate.
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Table 39. Absorption Cross Sections of CC120, CCIFO, and CF20

1020o(cm 2)

(nm) CC120 CCIFO CF20

184.9

186.0

187.8

189.6

191.4

193.2

195.1

197.0

199.0

201.0

103.0

205.1

207.3

2094

211 6

213 9

2162

218 6

221 0

223 5

226 0

204

189

137

117

93

69

52

41

31

25

20

16

15

13

12

Ii

ii

Ii

12

12

13

0 15.6 5.5

0 14.0 4.8

0 13.4 4.2

7 12.9 3.7

7 12.7 3.1

5 12.5 2.6

0 12.4 2.1

8 12.3 1.6

0 12.0 1.3

4 11.7 0.95

9 11.2 0.69

i I0.5 0.50

4 9.7 0.34

2 9.0 0.23

7 7.9 0.15

6 6.9 0.i0

9 5.8 0.06

3 4.8 0.04

8 4.0 0.03

2 3.1
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BrO + hu _ Br + 0

The BrO radical has a banded spectrum in the 290-380 nm range. The

strongest absorption feature is around 338 nm. The measured cross sections

are both temperature and resolution dependent. As an example, the spectrum

measured by Wahner et al (1988) is shown in Figure 7. The bands are due to

a vibrational progression in the A _ X system, and the location of the bands,

along with the assignments and cross sections measured using 0.4 nm resolu-

tion, are shown in Table 40. BrO is expected to dissociate upon light

absorption. As a guide, the cross sections averaged over 5 nm wavelength

intervals are taken from the work of Cox et al (1982), and are listed in

Table 41. These authors estimate a BrO lifetime against atmospheric photo-

dissociation of -20 seconds at the earth's surface, for a solar zenith

angle of 30 ° .

The earlier BrO cross section measurements were carried out mostly

around 338 nm, and have been reviewed by CODATA (1980; 1982).

Table 40. Absorption Cross Sections at the Peak of Various

bands in the A + X Spectrum of BrO

10200 (cm 2)

v',v" A

(nm) 298K 223K

13,0 313.5 712 938

12,0 317.0 I010 1360

ii,0 320.8 1180 1570

I0,0 325.0 1130 1430

9,0 329.1 1130 1390

8,0 333.5 1210 1470

7,0 338.3 1550 1950

6,0 343.7 935 iii0

5,0 348.8 703 896

4,0 354.7 722 1050

3,0 360.4 264 344

2,0 367.7 145 154

1,0 374.5 90 96

Spectral resolution is 0.4 nn, fwhm.
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Table 41. Absorptlon Cross Sections of Br0

A 1020o(cm2)

(rim) average

300 - 305 200

305 - 310 259

310 - 315 454

315 320 391

320 325 600

325 330 753

330 335 628

335 340 589

340 345 515

345 350 399

350 355 228

355 360 172

360 365 161

365 370 92

370 - 375 51
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BrONO2 + hu _ Products

The bromine nitrate cross sections have been measured at room tempera-

ture by Spencer and Rowland (1978) in the wavelength region 186-390 nm;

their results are given in Table 42. The photolysis products are not known.

Table 42. Absorption Cross Sections of BrONO 2

10200 A 10200

(rim) (cm 2 ) (rum) (cm 2)

186 1500 280 29

190 1300 285 27

195 I000 290 24

200 720 295 22

205 430 300 19

210 320 305 18

215 270 310 15

220 240 315 14

225 210 320 12

230 190 325 11

235 170 330 10

240 130 335 9.5

245 100 340 8.7

250 78 345 8.5

255 61 350 7.7

260 48 360 6.2

265 39 370 4.9

270 34 380 4.0

275 31 390 2.9
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HF + l_ -* H + F

The ultraviolet absorption spectrum of HF has been studied by Safary

e__tal (1951). The onset of absorption occurs at A < 170 nm, so that photo-

dissociation of HF should be unimportant in the stratosphere.

H2CO + hv _ H + HCO (@i)

H2 + CO (_2)

Bass et al (1980) have measured the absorption cross sections of

formaldehyde with a resolution of 0.05 nm at 296 K and 223 K. The cross

sections have also been measured by Moortgat et al (1980; 1983) with a

resolution of 0.5 nm in the 210-360 K temperature range; their values are

-30% larger than those of Bass et al for wavelengths longer than 300 nm.

The recommended cross section values, listed in Table 39, are the mean of

the two sets of data (as computed in CODATA, 1982).

The quantum yields have been reported wlth good agreement by Horowltz

and Calvert (1978), Clark et al (1978a), Tang et al (1979), Moortgat and

Warneck (1979), and Moortgat et al (1980; 1983). The recommended values

listed in Table 43 are based on the results of all of these investigators.

The quantum yield 02 is pressure dependent for wavelengths longer than

329 nm, and is given by the expression at the bottom of Table 43, which is

based on the values reported by Moortgat et al (1980; 1983) for 300 K.

Additional work is needed to determine 01 and the cross sections around
330n m, which is the important wavelength regton for atmospheric photodtssocta-

tion of CH20 to yield H + HCO; only a few scattered measurements of O 1 have
been carried out around this wavelength. At present the recommendation for

the 320-340nmwavelength Interval is to calculate 01 by linear interpolation

assuming a value of • 1 - 0.62 at 320 nm and 01 - 0 at 340 nm.
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Table 43. Absorption Cross Sections and Quantum Yields

for Photolysis of CH20.

i020o(cm2)

_I _2

(nm) 290 K 220 K (H + HCO) (H2 + CO)

240 0.03 0.08

250 0.13 0.08

260 0.47 0.47

270 0.86 0.85

280 1.86 1.93

290 2.51 2.47

300 2.62 2.58

310 2.45 2.40

320 1.85 1.71

330 1.76 1.54

340 1.18 i.i0

350 0.42 0.39

360 0.06 0.02

0.21

0 24

0 30

0 40

0 59

0 71

0 78

0 77

0 62

0 31

0

0

0

0.42

0.46

0.48

0.46

0.35

0.26
0.22

0.23

0.38

0.69

0.69*

0.40*

0.12"

Note: The values are averaged for i0 nm intervals centered on

the indicated wavelength.

* • at P - 760 torr

For A > 329 nm, @2 at a given wavelength (not averaged

over I0 nm intervals) is given by the following

expression:

42 I - exp(l12,8-0,347A)
I + ]: (_-329)

760 "364-A-

A • nm

P : torr
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CH3OOH + hv _ Products

Vaghjlani and Ravishankara (1989) have measured the cross sections of

CH3OOH by measuring the CH3OOH concentration via trapping and titration.
These results are recommended and are listed in Table 44. The earlier

results of Molina and Arguello (1979) are consistently 40% higher than the

values shown in Table 44; this difference is believed to be due to difficulty

in trapping CH3OOH and measuring its concentration. CH3OOH dissociates

upon light absorption to give CH30 with unlt quantum yield (VaghJlanl and

Ravishankara, private communication). At shorter wavelength (i.e. 193 run)

production of H and 0 atoms is also seen.

Table 44. Absorption Cross Sections of CH300H

A 1020o A 10200

(rim) (cm 2) (nm) (cm 2)

210 31.2 290 0.69

220 15.4 300 0.41

230 9.62 310 0.24

240 6.05 320 0.14

250 3.98 330 0.079

260 2.56 340 0.047

270 1.70 350 0.027

280 1.09 360 0.016

HCN + hv * Products

Herzberg and Innes (1957) have studied the spectroscopy of hydrogen

cyanide, HCN, which starts absorbing weakly at A < 190 nm.

The solar photodissociation rate for this molecule is rather small,

even in the upper stratosphere; estimates of this rate would require

additional studies of the absorption cross sections and quantum yields in

the 200 nm region.

CH3CN + hv _ Products

McElcheran et al (1958) have reported the spectrum of acetonitrile or

methyl cyanide, CH3CN; the first absorption band appears at A < 220nm. More

recently, Suto and Lee (1985) and Zetzsch (1989) have measured the cross

sections around 200 nm; solar photodlssoclatlon is unimportant compared to
reaction wlth OH radicals.

153



SO2 + hw _ Products

The UV absorption spectrum of SO2 is highly structured, with a very
weak absorption in the 340-390 nm region, a weak absorption in the 260-340
nm, and a strong absorption extending from 180 to 235 nm; the threshold
wavelength for photodissociatlon is ~220nm. The atmospheric photochemistry
of SO2 has been reviewed by Helcklen e__tal (1980) and by Calvert and

Stockwell (1983). Direct photo-oxidatlon at wavelengths longer than -300 nm

by way of the electronically excited states of S02 appears to be relatively
unimportant.

The absorption cross sections have been measured recently by McGee and

Burris (1987) at 295 and 210 K, between 300 and 324 nm, which is the wave-

length region commonly used for atmospheric monitoring of SO 2.

OCS + hv _ CO + S

The absorption cross sections of OCS have been measured by Breckenrldge

and Taube (1970), who presented their 298 K results in graphical form,

between 200 and 260 nm; by Rudolph and Inn (1981) between 200 and -300 nm

(see also Turco et al, 1981), at 297 and 195 K; by Leroy et al (1981) at

294 K, between 210 and 260 nm, using photographic plates; by Mollna et al

(1981) between 180 and 300 nm, at 295 and 225 K, and by Locker et al (1983)

between 195 and 260 nm, in the 195 K to 403 K temperature range. The results

are in good agreement in the regions of overlap, except for _ > 280 nm,

where the cross section values reported by Rudolph and Inn (1981) are

significantly larger than those reported by Mollna e__tal (1981). The

latter authors concluded that solar photodissociation of OCS in the tropo-

sphere occurs only to a negligible extent.

The recommended cross sections, given in Table 45, are taken from

Molina et al (1981). (The original publication also lists a table with

cross sections values averaged over i nm intervals, between 185 and 300 nm.)

The recommended quantum yield for photodissoclatlon is 0.72. This

value is taken from the work of Rudolph and Inn (1981), who measured the

quantum yield for CO production in the 220-254 run range.

CS 2 + hv _ CS + S

The CS 2 absorption spectrum is rather complex. Its photochemistry has
been reviewed by Okabe (1978). There are two distinct regions in the near

UV spectrum: a strong absorption extending from 185 to 230 nm, and a weaker

one in the 290-380 nm range. The threshold wavelength for photodissociation

is -280 nm.

The photo-oxldatlon of CS 2 in the atmosphere has been discussed by

Wine e__tal (1981d), who report that electronically excited CS 2 may react

with 02 to yield eventually OCS.
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Table 45. Absorption Cross Sections of OCS

(rim)

1020¢(c=2) 1020o(cm2)

295 K 225 K (rim) 295 K 225 K

186.1

187.8

189.6

191.4

193.2

195.1

197.0

199.0

201.0

203.1

205.1

207.3

209.4

211.6

213.9

216.2

218.6

221.5

223.5

226.0

18.9 13.0 228.6 26.8

8.33 5.63 231.2 22.1

3.75 2.50 233.9 17.1

2.21 1.61 236.7 12.5

1.79 1.53 239.5 8.54

1.94 1.84 242.5 5.61

2.48 2.44 245.4 3.51

3.30 3.30 248.5 2.11

4.48 4.50 251.6 1.21

6.12 6.17 254.6 0.674

8.19 8.27 258.1 0.361

10.8 10.9 261.4 0.193

14.1 14.2 264.9 0.0941

17.6 17.6 268.5 0.0486

21.8 21.8 272.1 0.0248

25.5 25.3 275.9 0.0119

28.2 27.7 279.7 0.0584

30.5 29.4 283.7 0.0264

31.9 29.5 287.8 0.0012

30.2 27.4 292.0 0.0005

296.3 0.0002

23.7

18.8

14.0

9.72

6.24

3.89

2.29

1.29

0.679

0.353

0.178

0.0900

0.0419

0.0199

0.0101

0.0048

0.0021

0.0009

0.0005

0.0002

Photodissociation quantum yield • - 0.72
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NaCI + hv _ Na + CI

There are several studies of the UV absorption spectra of NaCI vapor.

For a review of the earlier work, which was carried out at high temperatures,

see Rowland and Rogers (1982). The recommended cross sections, listed in

Table 46, are taken from the work of Silver et al (1986), who measured

spectra of gas phase NaCI at room temperature in the range from -190 to 360

nm, by directly monitoring the product Na atoms.

Table 46. Absorption Cross Sections of NaCI Vapor at 300 K

1020o

(run) (cm 2 )

189.7 612

193.4 556

203.1 148

205.3 90.6

205.9 89.6

210.3 73.6

216.3 151

218.7 46.3

225.2 146

230.4 512

231.2 947

234.0 1300

237.6 638

241.4 674
248.4 129

251.6 251

254.8 424

260.2 433

268.3 174

277.0 40

291.8 0.8
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NaOH+ hv _ Na + OH

The spectrum of NaOH vapor is poorly characterized. Rowland and Makide

(1982) inferred the absorption cross section values and the average solar

photodlssoclatlon rate from the flame measurements of DaldoJl (1979).

Additional measurements are required.
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HETEROGENEOUS CHEMISTRY

We have attempted to present as much information on heterogeneous

chemistry relevant to the stratosphere as is currently available. However,

this is a new and rapidly developing field, and it is very complex compared

to homogeneous chemistry. The problem is compounded by the difficulty in

characterizing surfaces in terms of their area, phase identity, and composi-

tion. To a first approximation there are three particle types of concern:

(i), the nitric acid trihydrate (HNO3.3H20), often called Type I because

it is the first to form in the polar stratosphere; (2), crystals of pure

water ice, called Type II because they are only stable in the stratosphere

at significantly lower temperatures than required for Type I, and (3), the

sulfuric acid aerosol, which is present at all latitudes and may affect

stratospheric chemistry on a global basis. However, the extent of such

effects is still unclear.

There is some doubt at the present time as to the exact composition of

the Type I particles; i.e., whether they are pure HNO3.3H20 or have

variable composition depending on the conditions of their formation. This

is a vital question, because it is evident from experimental results that

some of the most important properties, such as HCI solubilities, are

strongly dependent on the amount of excess water in the particle. The

nature of adsorption on such particles is currently in doubt, and it is not

known whether surface adsorption or a true solid solution is involved.

Further, since chemical processes may occur during the formation and

possible re-evaporation of particles, surface properties may vary with

time. All these factors make it very difficult to model the actual

atmospheric particle chemistry with confidence.

For each of the three particle types mentioned above, the data (when

available) are of four types:

(I) Sticking coefficients.

(2) Reaction probabilities.

(3) Solubility data.

(4) Equilibrium constants for particle formation.

The questions of how the data are to be used, and which data are the

most important, depend on whether or not the gas-particle system is in

equilibrium. That is, the treatment depends on the relative rates of

competing processes, as for example the rate at which an adsorbed species

undergoes desorption compared to the rate at which it undergoes reaction.

Sticking Coefficients

Sticking coefficients are listed in Table 47. These are experimental

data as reported by the researchers themselves, and we have not attempted

to recommend a "preferred value". The coefficients are defined as the

fraction of collisions of a gaseous species with a particle which result in

retention of the colliding species with its original chemical identity.
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In this context ionization would not be considered a change in chemical

identity. Laboratory measurements of sticking coefficients should refer to

the "zero time" value, because as the system approaches saturation the

apparent value will decline when desorption becomes competitive. However,

some of the data in Table 47 may not have been taken under true zero time

conditions, and would therefore only be lower limits to the correct values.

Reaction Probabilities

The available data on reaction probabilities are listed in Table 48.

As with the sticking coefficient data, we have not recommended a preferred

value. The coefficients are defined as the fraction of collisions which

result in immediate chemical conversion of the colliding species, followed

by either retention or emission of the newly-formed products.

Solubility Data

For the present, the solubility data listed in Table 49 are limited to

gas-liquid equilibria. Although some measurements have been reported for

solid particles, such as for the HCi-Type I and Type II systems (Hanson and

Mauersberger, 1988a,b), the effective Henry's law constants in those studies

depend on various experimental conditions, such as the quantity of substrate

employed. Therefore it is not useful to apply those results to atmospheric

particles. The concept of gas-solid solubility may not be strictly applicable

to atmospheric particles. For liquid droplets the situation is probably

more straightforward, because diffusion in the liquid forces adherence to

solubility limits, as well as maintaining equilibrium with the gas phase
concentration.

Ecuilibrlum Constants for Particle Formation

Gas-solid equilibria such as those involved in the formation of ice

and the hydrates of nitric acid can be represented as temperature dependent

equilibrium constants. Some data of this type are shown in Table 50,

primarily for nitric acid hydrates. For Type II particles, the data are

tabulated in standard references as the vapor pressure of ice, and are not

reproduced here.

The equilibrium constants are re_resented in the form K c - A exp(B/T),

where K c has the dimensions (molec/cm_) n, with n being the number of gaseous

molecules forming the hydrate. The quantities A and B are related to the

thermodynamic quantities AS ° and AH ° as follows (standard state of one

atmosphere):

A - (N/eR'T) n exp(AS°/R)

B - -AH°/R + nT
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Table 47. Sticking Coefficients on Particle Surfaces

Wate_-H2_Q 4 Particles

Species Sticking T(K) Wt. % Reference

Coefficient H2SO 4

HCI >0.016 198 55

>0.003 a 203 60

<7x10 "5 218 70

<7x10 "5 208 70

0.3 193 25

0.06 193 50

<0.001 193 58

<0.0001 193 65

<0.0001 193 72

<0.0001 193 78

0.146 283 20

0.163 283 36

0.151 283 40

>0.I04 a 283 47

>0.079 a 283 52

>0.004 a 283 58

HNO 3 0.07 223 40
0.07 225 50

_0.I a 223 58

>10.2a 206 58

0.3 195 58

>0.i a 223 65

_0.3 a 208 65

>0.3 a 199 65

_0.05 a 229 74

_0.1 a 208 74

_0.25 a 193 74

>0.007 a 238 87

>0.014 a 218 87

_0.02 a 188 87

_0.11 a 283 73

NO <1.0x10 "6 298 96

NO 2 <l.0xl0 "6 298 96

03 <1.0x10 "6 298 96

H202 7.8x10 "4 298 96

SO 2 <1.0x10 -6 298 96

Tolbert et al, 1990

Tolbert et al, 1990

Tolbert et al, 1990

Tolbert et al, 1990

Leu et al, 1989

Leu et al, 1989

Leu et al, 1989

Leu et al, 1989

Leu et al, 1989

Leu et al, 1989

Watson et a l, 1989

Watson et a l, 1989

Watson ___ a l, 1989

Watson et a l, 1989

Watson et a l, 1989

Watson e_._al, 1989

Tolbert et al, 1990

Tolbert et al, 1990

Tolbert et al, 1990

Tolbert e_ a l, 1990

Tolbert et al, 1990

Tolbert et al, 1990

Tolbert et al, 1990

Tolbert et al, 1990

Tolbert et al, 1990

Tolbert et al, 1990

Tolbert _t al, 1990

Tolbert 9__ a l, 1990

Tolbert et a l, 1990

Tolbert et a l, 1990

Van Doren et a l, 1990

Baldwin and Golden,

Baldwin and Golden,

Baldwin and Golden,

Baldwin and Golden,

Baldwin and Golden,

1979

1979

1979

1979

1979

a Lower limit indicates that experimental sticking coefficient is

believed to be solubility limited.
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Table 47. (Continued)

Water Ice Particl_

Species Sticking T(K)
Coefficient

Reference

H20 0.3_8: _ 200

HC1 0.4+8:_ 200

0.26±0.04 198

>0.05 200

0.18 a 274

CI 2 <0.0001 200

CIO >0.01 195

o.3 8:[ 200
0.16 a 268

NO <0.0001 195

NO 2 <0.0001 195

03 <0.0001 195

CH3C1 <0.0001 195

H202 0.18 a 273

SO 2 0.11 a 273

Leu, 1988a

Leu, 1988a

Tolbert et a l, 1989

Molina et a l, 1987

Van Voren et a l, 1990b

Leu, 1988a

Leu, 1988b

Leu, 1988a

Van Voren et a l, 1990a

Leu, 1988b

Leu, 1988b

Leu, 1988b

Leu, priv. comm., 1988

Worsnop et a l, 1989

Worsnop et a l, 1989

a Liquid water droplet. These sticking coefficients show a strong

negative temperature dependence. Direct extrapolation indicates

sticking coefficient will approach unity at stratospheric temperatures.
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Table 47. (Continued)

Water-HNO 3 Surfaces

Species Sticking
Coefficient

T(K) Wt. %

HNO 3

Reference

Hcf 0.06

0.05

0.03

0.02

0.005

0.0008

0.0001

<0.00001

0.08

0.0001

<0.00001

196

196

196

196

196

196

196

196

198

198

198

44

46

48

50

52

54

56

58

47

65

70

Moore eta1, 1989

Moore et a l, 1989

Moore et al, 1989

Moore et al, 1989

Moore et al, 1989

Moore e__tal, 1989

Moore et al, 1989

Moore eta_l, 1989

Tolbert e__ta l, 1989

Tolbert e__ta l, 1989

Tolbert et al, 1989
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Table 48. Reaction Probabilities on Particle Surfaces

Water-H2_ _. Particles

Species Reaction T(K) Wt. % HCI Mole

Probability H2SO 4 Fraction

Reference

CIONO 2

ClO

N205

0.0026 210 65 0.0 Tolbert et al, 1988b

0.0003 210 65 0.0002 Tolbert et al, 1988b

0.0003 230 75 0.0 Tolbert et al, 1988b

0.00032 295 96.5 0.0 Rossi eC al, 1987

0.008 190 75 0.0 Martin g__al, 1980

>3.8xi0 "5 298 96 0.0

0.06 283 73 0.0

0.14 273 64-77 a 0.0

0.10 293 64-77 a 0.0

Baldwin and Golden, 1979

Van Doren et a l, 1990b

Mozurkewich and Calvert, 1988

Mozurkewich and Calvert, 1988

a Estimated from relative humidity measurements.
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Table 48. (Continued)

Water Ice Particles

Species Reaction

Probability

T(K) HCI Mole

Fraction

Reference

CIONO 2 0.009+0.002 185 0.0

0.06±0.03 200 o o
0.27+8"733 200 0.02-0.07

O. 02 200 O. 0

0.05-0.I 200 0.0035-0.01

Tolbert et al, 1987

Leu, 1988a

Leu, 1988a

Molina e__tta l, 1987

Molina e__tta_!, 1987

N205 >0.003 185 0.07-0.14

>0.001 185 0.0

0.01-0.03 188 0.0

0.028±0.011 195 0.0

0.056 195 0.015-0.04

0.06 a 271 0.0

Tolbert e_ttal, 1988a

Tolbert et al, 1988a

Qulnlan et al, 1989

Leu, 1988b

Leu, 1988b

Van Doren et al, 1990a

a Liquid water droplet. Sticking coefficient shows strong negative

temperature dependence. Direct extrapolation indicates sticking

coefficient will approach unity at stratospheric temperatures.
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Table 48. (Continued)

Water-HN03__

Species Reaction

Probability

T(K) HCI Mole

Fraction

Reference

CIONO 2

N205

0.03 196 42 0.0

0.02 196 46 0.0

0.012 196 48 0.0

0.006 196 50 0.0

0.0014 196 52 0.0

0.0003 196 54 0.0

0.00007 196 56 0.0

0.07-1.0

0.01510.006

196

188

42-54 O. 03-4.0

0.0

Moore e___al, 1989

Moore et al, 1989

Moore et al, 1989

Moore et al, 1989

Moore et al, 1989

Moore et al, 1989

Moore et al, 1989

Moore et a l, 1989

Quinlan et a l, 1989
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Table 49. Henry's LawConstants for Gas-Liquld Solubilities

A B H(T)

(M/atm) (K) (M/atm)

Note

Nitric Acid in Sulfuric Acid

% H2SO 4
87

74

66

58

73

3.56xi0 "3 3320 1.3x104 (220K)

8.54xi0 -3 3550 8.7xi04 (220K)

2.02xi0 -I 3190 4.0x105 (220K)

7.47xi0 "8 7160 1.0xl07 (220K)

- 5.0xlO 3 (283K)

HCI in Sulfuric Acid

% H2SO 4
60

4O

5O

6O

70

> 8.6xi03

> 1.0xlO 4

> 1.0xl03

> 1.0xlO 2

> 1.0xl01

I

I

i

i

2

(203K) 3

(283K) 4

(283K) 4

(283K) 4

(283K) 4

H(M/atm) - A exp(B/T).

I,

,

,

4.

NOTES TO TABLE 49

These parameters are from measurements of Relhs e__tal (1990) in the

temperature range 188-240K. Extrapolation to higher temperatures

shows good agreement with other studies (Watson e_Ktal, 1989).

High temperature value from Van Doren et al (1990b). Estimated from

decrease in HNO 3 uptake and gaseous evolution of HNO 3 from N205 uptake.

From Tolbert (1989, private communication); see Watson e__tta_!l,1989.

From Watson et al (1989). Estimated by assuming HCI uptake is

solubility limited as calculated from Hammett acidity of aqueous

sulfuric acid. Effective solubility given by

where
H* - HKa/10"H°

HK a - 107 M/atm at 283 K

Ho - -3 at 40 wt%

Ho - -6 at 70 wt%

See discussion in Watson et al (1989), Clegg andBrimblecombe (1986),
and Schwartz (1988).
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Table 50. Equilibrium Constants for Solid Hydrate Formation

Reaction Log(A) B ± AB/K K(200) f Note

(HNO3"3H20) s _ HNO3+3H20 109.2

(HNO3.H20) s _ HNO3+H20 58.7

-27100±i000 2.3xi050 i0 1

-1550011500 l.lxl025 20 1

(a) K - A exp(B/T); units are (molec/cm3) n where n is the number of mole-

cules in the hydrate.

(b) The factor f is the estimated uncertainty in the temperature range of

interest; i.e., about 190-200K.

NOTES TO TABLE 50

I. These parameters are based on the analyslsbySmlth (1990) of HNO3.3H20

vapor pressure data of Hanson and Mauersberger (1988a,b). They are

consistent with the free energies of formation of the hydrates as

measured by Forsythe and Giauque (1942). The corresponding enthalples
of formation at temperatures near 200 K are:

AHf(HNO3.3H20) - -260 + 4 kcal/mole

AHf(HNO3.H20) - -121 ± 4 kcal/mole

S'(HNO3.3H20) - 35 ± 4 cal/K-mole

S'(HNO3.H2 O) - 7 ± 4 cal/K-mole
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APPENDIX.

GAS PHASE ENTHALPY DATA

..................................................

The followin8 data are adapted mainly from CODATA (1984), although a few entries have bean updated.

..................................................

SPECIES _Hf(298) SPECIES _H£(298) SPECIES Z_Hf(298) SPECIES Z_H£(298)

(Kcal/mol) (Kcal/mol) (Kcal/mol) (Kcal/mol)

....................................................................

H 52.1 CH3OH -48.2 F 2 0.00 CB3CI -19.8

H 2 0.00 CH3OOB -31.3 BF -65.34 CICO -5±1

O 59.57 CH3ONO -15.6 HOP -23.4±1 COCI 2 -52.6

O(ID) 104.9 CH3ONO 2 -28.6 FO 26±5 CBFCI -14.5±2

02 0.00 CH302NO 2 -10.6±2 P20 5._.4 CB2FC1 -63±2

O2(I-DELTA) 22.5 C2H 135.0 FO 2 6±1 CFCI 7±8

O2(I-sIGHA) 37.5 C2B 2 54.35 F202 5±2 CFCI 2 -22±2

03 34.1 C2B 3 68.1 FONO -15±7 CFCI 3 -68.1

HO 9.3 C2H 4 12.45 FRO -16±2 CP2CI -64±3

HO 2 3±1 C2H 5 28.4 FRO 2 -26±2 CP2CI 2 -117.9

H20 -57.81 C2H 6 -20.0 FONO 2 2.5±7 CF3CI -169.2

H202 -32.60 CH2CN 58.6 CF 2 -44±2 CHFCI 2 -68.1

N 113.00 CH3CN 19.1 CF 3 -112±1 CHF2CI -115.6

N 2 0.00 CB2CO -14.23 CF, -223.0 COFCI -102±2

NH 82.0 CH3CO -5.8 CBF 3 -166.8 CH2CF 3 -124±2

NH 2 45.3 CH3CHO -39.7 CHF 2 -58±2 CH3CF 2 -72±2

NH 3 -10.98 C2H50 -4.1 CB2F 2 -107.2 CH3CF 3 -178

NO 21.57 CH2CH2OH -13±2 CB2F -8±2 CF2CF 3 -213

NO 2 7.9 C2HsOH -56.2 CI]3F -55.9fl CHF2CF 3 -264

NO 3 17±2 CH3CO 2 -49.6 FCO -41±14 C2CI 4 -3.0

N20 19.61 C2H502 -4±3 COF 2 -151.7 C2ECI 3 -1.9

N203 19,8 CH3OOCH 3 -30.0 Cl 28.9 CH2CC13 11±7

N204 2.2 C3H 5 39.* C12 0.00 CH3CCI 3 -34.0

N205 2.7±2 C3H 6 4.8 8(:1 -22.06 CB2CH2C1 19.3±2

HNO 23.8 n-C3B 7 22.6±2 C10 24.4 Br 26,7

HONO -19.0 I-C3H 7 1912 CIOO 23±1 Br 2 7.39

HNO 3 -32.3 C3E 8 -24.8 OCIO 23±2 BBr -8.67

HO2NO 2 -Ii±2 C2HsCHO -44.8 CIOO 2 >13.4 BOEr -19¢2

C 170.9 CH3COCH 3 -51.9 C103 37 BrO 30

CH 142.0 S 66.22 C120 19.5 BrNO 19.7

CH 2 92.3 S2 30.72 C1202 31±3 BrONO 25±7

CH 3 35.1 HS 34±1 C1203 34±3 BEONO 2 12±5

CH 4 -17.88 HzS -4.9 BOCI -18.6±3 BrCZ 3.5

CN 104.0 SO 1.2 CLqO 12.4 CH2BE 40±2

BCN 32.3 SO2 -70.96 CINO 2 3.0 Cl]Br 2 45±2

CH3NH 2 -5.5 SO 3 -94.6 CIONO 20±7 CB2Br 2 -2.6±2

NCO 38 HSO 1±3 CIONO 2 5.5 CH3Br -8.5

CO -26.*2 HSO 3 -92±2 FCI -12.1 I 25.52

CO 2 -94.07 CS 65 CCI 120±5 12 14.92

HCO 9.0 CS 2 26.0 CCI 2 57±5 HI 6.3

CH20 -26.0 CH3S 33±2 CCI 3 18±1 CH3I 3.5

COOH -50±2 CH3SH -5.5 CCI 4 -22.9 CH2I 54.9±2

HCOOH -90.5 CH3SCH 3 -8.9 CHCI 3 -24.6 IO 41.1

CH30 3.5 CH3SSCH 3 -5.8 CHC12 2312 INO 29.0

CH302 5±2 OCS -34 CH2CI 29±2 INO 2 14.*

CH2OH -6.2 F 18.98 CH2CI 2 -22.8
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